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SUMMARY 
The literat ure on nitrenes and carbenes is 
reviewed, with emphasis on recent work not previously 
covered in review articles. 
A novel ring contraction of thermally generated 
phenylnitrene to cyanocyclopentadiene is reported . 
Nitrogen-15 l a belling indicates that this is a 
genuine nitrene reaction, and the experimental evidence 
suggests that a vibrationally excited singlet nitrene 
may be involved. It is proposed that the reaction 
proceeds ia 6 -nitrenobicyclo[ J.1.0]hex-J-en-2, 6 - diyl 
(nitrenoprefulvene, 10, R = H), and a correlation 
diagram shows that this is a thermally al lowed process. 
Marker groups (CHJ and F) los e their identity because 
of facile sigmatropic shifts of the cyano- group in 
the products, and similar shifts ar demonstrated in 
cyanoinden sand benzylic cyanides at elevated 
temperatures. Methyl-marked cyanocyclopentadines 
furthermore undergo ring expansion to benzoni tri le 
with elimination of hydrogen. 
Cyanocyc lopentadienes are obtained in nearly 
quantitative yield by pyrolysis of lH-benzotriazoles 
X 
(loss of 2 ) and in up to 40% yield by pyrolysis of 
isatin (loss of 2 co) . . The isolation of anilines from 
these pyrolyses supports the assumption of involvement 
of 1,J-biradical intermediates isomeric with 
phenylnitrene. Phenylsulphinylamine gives a minor 
yield of cyanocyclopentadiene by loss of SO. The 
spectral properties of cyanocyclopentadienes, especially 
the NMR spectra, are discussed extensively ( Section 1.6), 
a nd it is concluded that cyanocyclopentadiene exists 
mainly as the 1-cyano-isomer. 
Pyrolysis of phenyl azides leads to many other 
reactions, among them format i on of benzenes (formal 
loss of azide radical), benzonitriles, hydrogen cyanide, 
and, most important, pyridines. The results of 
labelling with nitrogen-15, deu terium, and substituents 
(CHJ and F) lead to the conclusion that a 
phenylni trene ~ 2 - aza tropylidene ~ 2-pyridylca rbene 
rearrangement is involved . This is in a ccord with 
the observations of Sundberg and co-workers, but the 
explanation contrasts a recent proposal by these 
authors . 52a Further confirmation of this hypothesis 
comes from pyrolysis of v - triazolo [ l,5-a]pyridines, 
which give high yields of products formally derived from 
phenylnitrenes ( ection 1 . 2); it is assumed that the 
xi 
2-pyridylcarbenes initially formed undergo ring 
expansion to 2-azatropylidenes (22) and then convert 
to the more stable phenylnitrene system; i.e. this 
rearrangement is reversible and strongly in favour of 
phenylnitrene. Very low yields of cyanocyclopentadienes 
are obtained under these conditions, and it is 
concluded that these products do not arise by valence 
isomerization in the azatropylidenes. 
Entire ly analogous reactions are encountered in 
the heterocyclic field: 4-azidopyridine behaves exactly 
as phenyl azide; triazolo [ 4,5-b]-and triazolo [ 4,5-c ] pyridine 
give 2- and J-cyanopyrrole, respectively, and these 
products interconvert at 800° . Tetrazolo [ l,5-c]pyridines 
(the stable form of 2-azidopyridines) give 2-cyanopyrroles 
by ring contraction, glutacononitriles by ring cleavage, 
and 2-aminopyridines by hydrogen abstraction. The 
substituent patterns suggest that 1-cyanopyrroles are 
formed initially, but rearrange to the 2-cyanopyrroles . 
imilarly, tetrazolo [ l,5-c ]pyrimidines give 
1-cyanoimidazol e s in ry high yields, and tetrazol o[ 1, 5-a] -
pyrimidines give 1-cyanopyrazoles and 2 -am inopyrimidines , 
In th l atter case, limination of C with formation of 
pyrazoles also takes plac, and a rearrangement of the 
xii 
cyano-group with formation of J-cyano-JH- pyrazoles is 
observed; these products cannot normally be isolated as 
they eliminate nitrogen with formation of unsaturated 
open-chain nitriles. A similar rearrangement in 
1,J,5-trimethylpyrazole is reported (Section 2.6) . 
In the case of tetrazolo [ l,5-a]pyridines, tre 
precursors of 2 - pyridylnitrenes, it is shown by 
nitrogen-15 labelling that 100% scrambling of nitrogen 
between the pyridine-N and the nitrene- takes place . 
The observed substituent patterns in the isolated 
glutacononitriles and 2 - aminopyridines strongly suggest 
that here, too, a reversible ring expansion to 
1,J-diaza-2 - tropyl idene is invol ved, giving rise to 
equilibrat d 2 -pyridylnitrenes from which the products 
are formed (Section 2 . 2) . The results lead to the 
general conclusion that pyridine systems are transformed 
into azatropylidenes with particular ease because the 
l att rare stabilized due to bending and to lone-pair 
at oms neighbouring th lectron-deficient centre. 15c When 
possibl ( 2 -pyridylcarb ne) this species converts to a 
benzenoid system rather than back to the pyridine system 
b caus of the higher ability of the benzen ring to 
sust in an electrophi l ic substituent . 
xiii 
The literature on pho ochemistry of 
pyridine - - oxides, which shows many similarities to 
the above re tions, is discussed, and finally Chapter 
J deals with some non-aromatic nitrenes derived from 
polymethylenetetrazoles, in which ring-contraction 
via ring opening takes place . 
The mass spectra of all the nitren - precursors 
(azides, triazoles, and tetrazoles) show generally 
good to perfect correlation with the thermal reactions, 
the k y step being elimination of nitrogen from the 
molecular ions. Of particular importance is the 
obs rvation that phenyl azides and v - triazolo [ l,5-a]-
py idin s, which gi iden ical pyrolysis products, also 
gi e · dentical mass sp ctra, including meta- stable 
transitions . As was th case in thermal d composition 
of ph nyl azides45 ther is h rdly any ffec of 
stru u on the rat of formation of 1nitren I ions 
f om ph nyl azid s by 1 ctron impact, but th 
subs quent f agm nt tion of hese ions shows 
d p nden on th position (m ta- or par -) of he 
substituent, para-subs tituents stabilizing the 'nitrene ' 
ions . tis conclud d tha the 1 nitr ne' ions r tain 
th i m tic stru t u r to l arg t nt, and that 
2 - pyridylcarbene ions convert to phenylnitrene ions 
via ring expansion . 
xiv 
I TRODUCTION: NITRENES AND CARBENES 
itrene chemistry originated in the work of Th. Curtius 
and his school at the turn of the century, but has seen 
its most rapid growth within the last decade, along with 
the chemistry of carbenes. A number of reviewsl-? have 
appeared. Since observations of nitrenes and carbenes 
are in many respects complementary, it will be desirable 
also to discuss the latter at some length here, and 
reference to Kirmse's book8 will be given frequently. 
Njtrenes are neutral compounds of univalent nitrogen, 
R-N. They were known to Curtius as 1 starre Reste 1 , 9 
i.e. fragments of rigid azides which did not rearrange 
on thermolysis, contrary to what happens in the Curtius 
and related rearrangements. Several names have since 
been proposed for these intermediates4 but most authors 
now agree on the term 'nitrene' in keeping with the 
isoelectronic carbenes. The word 1 Imen 1 is used in German 
l ·t f. 10 h i erature, and 'imeno- 1 has been used as a pre ix as as 
I • t 11 ni reno' . i trenes are called 'imidogens' in Chemical 
Abstracts, being treatedassubstitution products of 
imidogen,NH. The ending 'carbene' is used in the same way 
as 'carbinol 1 , i . e. compound carbenes are written in one 
word. Ther is no such agreement on nitrenes, but for 
2 
the sake of consistency, they shall be designated here 
with one word. 12 Lwowski has suggested that the last 
'e' in 'nitrene' be deleted so as to avoid violation of 
the IUPAC use of the ending 'ene'. If applied 
consistently, the carbene nomenclature should be 
similarly altered. A new species of the same family, the 
carbyne, R-C, has recently emerged. 13 
The N-nucleus in an unperturbed nitrene is surrounded 
by an electron sextet, having two nonbonding electrons 
b e sides the lone-pair. Like a carbene, it can therefore 
~ priori exist with two different spin multiplicities: 
singlet and triplet, and as a consequence of Hund's first 
rule the triplet should be the ground state, having two 
unpaired electrons in two p-orbitals. This expectation 
14 has been amply confirmed by Wasserman and others by 
ESR measurements of the diradicals obtained on photolysis 
of a large number of azides at temperatures near 
absolute zero. The triplet (ground state) nitrene was 
usually detected. Most carbenes also have triplet 
ground states, but difluorocarbene and possibly 
formylcarbene are singl ts . Theoretical explanations 
for this deviation hav been advanced by Hoffmann and 
co-work rs15 (vide infr ). 
3 
Electronic structure and chemical reactivity. 
The energy diagram for methylene16 is shown in Fig. l. 
Since in linear CH2 there are two identical 2p-orbitals 
(t=l), the total angular momentum, L, can only assume the 
values O and 2 (vectorial addition of t 's), i.e. there 
will be I: and 6 states. For L=O the individual t' s 
cancel, and there is therefore no restriction on the 
spin quantum number: 
state, 32:: and 1 2:: . 
there will be a triplet and a singlet 
For L=2, n,t, and m quantum numbers are equal for 
the two electrons, so the spins must be paired, i.e. the 
state is 1 6. Since only one triplet is found, tre ground 
state is 32:: . Hund's second rule states that of two 
states with equal spin multiplicity, the one with the 
higher L value will be of the lower energy. Hence, the 
lowest singlet is 1 6. As this configuration has the 
two lectrons in the same orbital (m1 =m2 ), it is doubly 
degenerat . For this reason it splits up into two levels 
when th molecul is bent. The changes indicated in Fig . 
l ar due to one p-orbital acquiring s-character, while 
th oth r is largely unalt red. The two orbitals are 
d . t · 15a,b name a and pin Hoffmann's nota ion. . 
tis easy to deri e the energy diagram in this way 
wh n the answ r is known. History has shown that it is 
12: + 
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FIGURE l . Energy l vels and orbitals of m thylene . 
not as simple as this, and methylene theory has an 
lllldistinguished record of ambiguity. 8 
At first sight the methylene grolllld state appears 
to depend on the geometry of the molecule: in the 
4 
linear form the grolllld state is the triplet JL~, but in 
the bent form (c2v symmetry) it is the singlet 1A1 , the 
new notation being simply a spectroscopic peculiarity. 
The spacing of the levels is, however, small; less than 
1 eV between J L; and 1 A1 , and less than 2 eV between 
1A1 and 
1 B1 {excited singlet). As reasoned by HoffmannlSa,b 
the small energy difference is overcomed by the 
electrostatic energy gained when the electrons are 
separated, with the result that 3B1 becomes the true 
grolllld state; * in other words, the triplet is the grolllld 
state both in the linear and the bent form. The actual 
geometry of grolllld state triplet methylene is nearly 
1 . 1 6 1.near. Thus, on spectroscopic excitation linea r 
'states' will be populated (Frank-Condon principle) 
whereas chemically produced methylene will start its 
existenc in the bent form, and only when cooling down 
towards the grolllld state will it assume a linear 
configuration. 
* But 3B1 will still be said to be an excited electronic 
donfiguration. See also ref. 16b. 
Some carbenes, such as cyclopentadienylidene and 
fluorenylidene (vide infra) are forced to retain bent 
geometry, while for instance diphenylcarbene 8 and 
cyanonitrene17 remain linear due to extensive 
delocalization. The singlet state of a carbene or 
5 
nitrene can theoretically be stabilized in a number of 
ways; 15 c namely by destabilizing the p-orbital and 
consequently stabilizing a; by stabilizing p and 
d estabilizing a ; or by stabilizing a by bending. In 
cyclic carbenapolyenes with 4n TT -electrons in the polyene 
cla.in, p will be stabilized by delocalisation over the 
lowest unoccupied MO(LVMO). A case like 
18 cyclopentadienylidene would appear most favourable: 
LVMO 2 
But her the bending alon stabilizes a to such an extent 
that th other effect vanishes, and the mol ecule is best 
described as i,3· The singlet (3) shows no unusual 
el ctrophilicity. 18 • 19 
In a carbenapolyene with 4n+2 TT-electrons, p will 
b come destabilized by mixing with the highest occupied 
6 
MO of the polyene. It will thereby receive electrons and 
the carbene will become more nucleophilic. Some examples, 
and their stabilizations of a over pare given: 
0 : H l1>: C>: >== o· (J) 
1 . 00 3. 17 1.13 1 . 92 1.77 eV 
In tropylidene, the effect may not be enough 15c to 
produce a singlet ground state, but cyclopropenylidene 
and vinylidene may well be singlets. Even so, a 
stabilization of the singlet tropylidene by 1 eV = 23 kcal/ 
mole should certainly mal.<:e it available for chemical 
study, and what little is known about it20 and about 
cyclopropenylidene21 indicates that these species (if 
actually involved in the reactions) are indeed 
nucleophilic, adding to electrophilic but not nucleophilic 
doubl bonds. Caution must be exercised when drawing 
inferenc s about the spin states from this, for as shall 
b seen, triplet aromatic nitrenes are generally 
charact rised by their lack of reactivity towards double 
bonds. 
A similar mechanism leading to increased 
nucleophilicity is lone - pair donation, which accounts 
for th 15b,d singl t ground states of halocarb enes . 
Similar donation by oxygen and nitrogen, such as in 
8,22 15c 
alkoxycarbenes and in 2 above is known to 
stabilize singlet states. 
Skell 23 argued that a singlet carbene, by virtue 
of having two electrons in one orbital, was capable of 
addition to a C=C double bond (Fig.2) in one step, 
hence stereospecifically, and that a triplet would add 
in two steps: in the time between formation of the 
7 
first bond, spin inversion (SPI) in the intermediate, and 
formation of the second bond, rotation could occur, and 
non-stereospecific addition could result. He also 
argued that singlets should insert into C-H bonds in one 
step, whereas triplets, being biradicals, should abstract 
hydrogen. (For a critical review of the arguments, see 
Gaspar and Hammon in ref. 8). 
Hoffmann's treatment15a has supplied a theoretical 
basis for this: in the bent lowest singlet methylene, 
1 A1 , the two reacting electrons are in one a-orbital. 
Orbital -symmetry correlation requires that when adding 
to a C=C bond, the transition state must resemble the 
product, cyclopropane. Although the carbene does not 
approach in a strictly symmetrical manner, 15a the 
attacking nd is the fill d a -orbital. Therefore the 
1A1 singlet will add in one step : the two electrons come 
-+ 
{R1 
~R1 
' 
x:: 
r 
R2 H2cff + H2 SPI ~ t· iR1 R2 rot 
. 
R 
FIGURE 2. Skell addition of singlet and triplet meteylene 
to C=C double bonds. 
I 
1 
I 
I 
8 
into the bonding region simultaneously. The triplet, 
3B1 , and the excited singlet, 
1 B1 , follow approximately 
the same line of attack, but now the two radical electrons 
are in different orbitals with different symmetry with 
respect to the reaction centre, and addition may proceed 
in two steps. Furthermore, these two species have 
electronically excited configurations, hence the 
transition state must resemble excited cyclopropane, that 
is trimethylene, a flexible molecule free to rotate. To 
put it in slightly different terms, the energy of the 
incoming carbene is h · gh enough that the reaction will 
be exothermic; 24 there is no high activation energy to 
be acquired. The transition state must correlate with 
the product. All being thermally allowed, the carbene 
must attack (nearly) head-on with the a-orbital. 
It should be noted that the stereochemical course of 
a rea tion alone does not suffice to determine the spin 
state of th species. The cyclopropane formed from 
ethylene and photolytically produced methylene singlet 
may carry as much as 100 kcal/mole excess thermal energy, 
i.e. enough to causes conda.cygeometrical isomerization 
or ring opening. 25 This energy may be dissipated by 
collisions in the liquid phase, but not in the low 
pressur gas-phase. 
9 
An interesting analysis of the stereospecificity of 
the reactions of the linear cyanonitrene, based on the 
symmetry of the acceptor atomic orbitals, has been 
presented by Anastassiou. 17 Disregarding the total 
symmetry of N-C and assuming a p-approach to a C=C 
double bond, Anastassiou considered only the symmetry 
of the unfilled (•acceptor') orbitals of the terminal 
nitrogen atom. Singlet cyanonitrene can have either of 
the configurations indicated : 
It was argued17 that l~+, having two acceptor orbitals g 
partly filled, and of suitable symmetry, should undergo 
concerted, stereospecific addition to C=C and insertion 
into C-H bonds, e.g.: 
CN 
A -
10 
On the other hand, 16 has one vacant (acceptor) orbital g 
and it was assumed that this would be the attacking one. 
1 This would mean that 6 may add non-stereospecifically, g 
depending upon the relative rates of bond formation and 
rotation in the intermediate : 
Th triplet, 
0 
-"~A /0 
4 
~ products 
(JL-, cf. Fig .1), having the same symmetry 
g -
as l r; + g' would be sterically capable of concerted addition, 
bu~ due to th necessity for spin inversion, would 
prob bly show stereorandom reaction. 
Th s arguments depend on the assumption of •attack ' 
with vacant or only partly filled orbitals, and it is by 
no m ns c rtain that this is what happens .
16b The preceding 
swnmary of Hoffmann's argum nts would lead to the 
opposit conclusion: that 16 attacks with the filled g 
p-orbit 1, forming two n w bonds simultaneously, and 
thus st r osp ifically. f 1L also att cks head- on g 
with on and only on p-orbital, th r sul t could be 
non- t r osp cific ring closur F urth rmor , as 
l L 
g 
r pr s nts an xcit d lectronic state, it mus 
tl5a,b 
11 
correlate with an excited aziridine, i.e. a species like 
4. ince the singlet was experimentally found to react 
stereospecifically, 17 the latter argument would imply 
that the reacting singlet is 1 ~g' and indeed, this was 
the species initially observed on flash photolysis 
(delay time 15 µ sec) of cyanogen azide. 26 It decayed to 
JE over several hundred µsecs. Anastassiou27 showed that 
the same species is involved in chemical reactions 
whether produced thermally or photolytically - at least 
they gi e the same stereospecificity. 
It thus appears - in Hoffmann's interpretation* 
that singlet carbenes and nitrenes add in one step, 
stereospecifically, because the two electrons happen to 
be spatially favourably located in the transition state, 
the latter being prescribed by orbital symmetry rather 
than spin multiplicity. But these two electrons 'happen' 
to be in this position only by virtue of being members 
of a singl t species. As long as the discussion is 
about lowest singlets, it is therefore purely a matter 
of words whether spin states or orbital symmetries are 
in ok d. Skell 's rul remains applicable. * It is 
* M.J . S . Dewar28 has warned that, fascinating though the 
r sults may be, the extend ed Ruck el-MO calculations from 
which they follow are basically unsound! 
** At least as a valuabl rule of thumb . 
12 
also true that the ground state triplets need not add 
stereospecifically because they are triplets; for it is 
because they are triplets that spin inversion must take 
place before a ground state product can be formed. 
Theaddition of electron-deficient species to 
polyenes raises interesting questions, but will be of 
little concern in the present study. The situation has 
been clearly presented by Anastassiou17c from whom two 
important conclusions are extracted: singlet N-C adds 
(predominantly) 1,2 to double bonds in a concerted 
manner. The triplet adds (predominantly) 1,4 (or 1,6) 
to cyclooctatetraene. The difference comes as a 
consequence of different spatial requirements of the 
speci s rather than differences in spin or orbital 
symmetry, although, of course, the three properties are 
interconnected. Secondly, addition of electron-deficient 
species to fully conjugated cyclic polyenes is formally 
ind pend nt of symmetry requirements; for it is always 
possible to find two sets of orbitals with opposing 
symmetries which will lead to the same product. 
xp rimental techniques . 
It is oft n possible to design experiments which will 
favour one or the other of the two species, singlet or 
13 
triplet, so that their reactions can be investigated 
separately: 7 ' 17 Because of the requirement of spin 
conservation, a nitrene or carbene produced thermally 
must be initi~lly a singlet. 29 Cross-over to the 
triplet ground state is spin-forbidden and occurs on a 
time-scale which may be long compared with the collision 
frequency. Evidently then, high conc entrations of 
reac tants will favour the formation of products arising 
from the singlet. Dilution with an inactive solvent 
will decrease the number of favourable collisions and 
furthermore lead to collisional deactivation of the 
species. 30 This condition therefore favours triplet 
product. Increased temperature (collisional heating) 
may, however, also accelerate singlet-triplet 
conversion,for in the case of carbethoxynitrene for 
example it has a small activation energy. 31 The 
conversion can also be achieved by using a heavy-atom 
diluent, such as methylene bromide. 17 This is because 
the normally forbidden spin-spin transition can take 
place ia spin-orbit coupling, and this term increases 
in magnitud with the number of electrons . The heavy 
atom can be located either in the sol ent or in the 
molecule its lf. One obviously has to be very careful 
applying these arguments if the ground state is not known; 
14 
for instance, dibromocarbene could be expected to have 
a very short singlet lifetime because of the extreme 
ease of spin-orbit coupling; but the ground state 
could be - and is - a singlet because of lone-pair 
donation15c to the central carbon. Even if the ground 
state in casu were a triplet, the singlet state might 
be stabilized by such donation. 15d 
Another way to produce triplets is by sensitized 
photolysis. A triplet azide or diazomethane may yield 
triplet nitrene or carbene, and a molecule of singlet 
nitrogen. 32 It is customary to check a presumed triplet 
reaction by introducing a 'radical quencher' such as 
oxygen or nitric oxide into the system. Since triplets 
are expected to give rise to radicals b y H-abstraction, 
the quencher will reduce the product yield by reaction 
with the intermediates. It has been reportedJJ that 
certain compounds, described as radical traps (e.g. 
sulphur and nitrobenzene), can increase the yield of 
singlet product from carbethoxynitrene. o satisfactory 
explanation has been given. 
A hydrogen abstraction-recombination process and 
a direct insertion into a C-H bond will usually give the 
same results, but an optically active reaction centre 
will distinguish between singlets and triplets in this 
case (cf. Skell' s rule) . It has also been observed 
that triplets, being 'cooler' than singlets, show 
larger selectivity in C-H 'insertion', i.e. a triplet 
attacks tertiary hydrogen preferentially more so than 
the singlet. 
15 
Using techniques such as these on carbethoxynitrene, 
Lwowski and others7 reached conclusions which may be 
summarised as follows: Carbethoxynitrene is formed 
exclusively in the singlet state when produced 
thermally from azidoformate or by a -elimination from 
-(p-nitrobenzenesulphonyloxy)urethan, . Only the 
singlet inserts into C-H bands. Only the singlet 
inserts into the C-C bond of benzene, giving azepine. 
Both singlet and triplet add to C=C double bonds; the 
singlet stereospecifically, the triplet non-
stereospecifically. 
Cyanonitrene17 is apparently more reactive than 
carbethoxynitrene, as both singlet and triplet 'insert' 
in C-H bonds, the former with retention of stereochemistry, 
the latter without. The question as to how singlets and 
triplets should react with C-H bonds is, however, not 
completely answered. Jones et. ai. 34 argued for 
'insertion' of triplet bis-carbomethoxycarbene 
(produc d by sensitiz d photolysis) by abstraction-
16 
recombination. Ring and RabinovitchJS argued for the 
opposi te case, direct insertion of triplet methylene. 
Carbenes may be generally more reactive than nitrenes; 
thus carbethoxycarbene . is found to be much more 
reactive than carbethoxynitrene. 36 
Contrary to what most textbooks in organic chemistry 
teach, the thermal Curtius rearrangement does not 
involve nitrenes but is cancerted. 7 Carbonylnitrenes 
have, however, been intercepted photolytically. 7 It is 
interesting to note in passing that a 1curtius' 
rearrangement has been observed both with azidoformate37 
and diazoacetate38 {Wolff rearrangement): 
MeOCO - J 
EtOCOCHN2 
Meo co 
EtOCH:C:O 
trimer 
products . 
Aromatic nitrenes and carbenes usually behave 
differently from what has been seen so far . Bertho39 
reported in 1924 that the decomposition of phenyl azide 
in aromatic solvents gave only low yields of aniline 
and azobenzene, plus intractable tar. o insertion 
products were found. Smolinsky4o obtained a better 
yield of azobenzene by gas-phase pyrolysis. As these 
products are typical of free radical reactions it led 
early to the notion that phenylnitrene behaves as a 
diradical, i.e. t . 1 t 41,42 a ripe . Until very recently 
no reactions of singlet phenylnitrene were known. 
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Azobenzene fomation from phenyl azides by_ 
photolysis at ordinary temperatures fails unless 
electron-donating substituents are present. 43 This 
appears to be due to unfavourable reaction conditions, 
lld for Reiser~- al . reported formation of azo-compounds 
in low-temperature photolysis in inert media. Walker 
42 
and Waters found that phenyl azide was slowly converted 
to benzotriazole on photolysis. Kinetic studies of the 
thermal decomposition of phenyl azides have shown that 
nitrenes ~ most likely formed in the rate -determining 
t 44,45,lld s ep. The reaction is first order, both for 
phenyl and biphenylyl azides, and there is little effect 
of structure on the rate. Only p-methoxyphenyl azide 
decomposes 10 times as fast as phenyl azide . 6Ht and 
6S+ cannot be correlated with the Hammett constants, 
but rather (for para-substitution) with values for the 
. t· 45 conJuga ive powers. 
This tendency of phenylnitrene to behave as a 
diradical is explicable on the basis of interaction 
with the aromatic sextet, which will lower the energy 
and hence increase the lifetime and the probability of 
intersystem crossing. Phenylnitrene generated in a 
18 
rigid glass at 77°K is stable for at least 18 hrs46 
and the ESR spectrum remained almost unaltered up to 
-J5°c 47 where sof tening and diffusion starts.lld If one 
electron is placed in a p-orbital perpendicular to the 
ring, and the other is placed in a p-orbital in the plane 
of the ring and disregarded, the electronic structure 
will be essentially that of the benzyl radica1. 15b, 48 
Simple MO theory49 then gives the following spin 
(electron) densities: 
2 
NO. 571 
0 
0.14J 
In reality, the spin densities in the meta-positions 
will not be strictly zero because of spin polarization 
and changes in coulomb and resonance integrals due to 
substitution of nitrogen for carbon. evertheless, 
* the result is in excellent agreement with the 
* According to Dewar28 a Huckel - MO treatment would be 
' thoroughly unreliable' 
heteroatom, and because 
thing as a localized 1 
due to the presence of a 
of the fact that there is no such 
ctron. It is, however, remarkable 
(footnote continued on p.19) 
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experimental value for the spin density on the N-atom, 
0.56. 48 Reiser et. al.lla measured the electronic 
spectra of a number of aromatic nitrenes at 77°K and 
found that they are in fact similar to those of benzyl 
radicals, except that nitrogen decreases somewhat the 
electron density in the ring. 
MO theory says nothing about the spin multiplicity 
of the species. It can, however, be seen that if 2 is 
promoted into the singlet state, it will be an excited 
singlet (~), i.e. a , douJ?ly excited state. There will be a 
l d generate 6 state; one in which the electrons can 
interact with the TT-system; and one where they can 
interact only mildly with the ortho-hydrogens. The 
former is likely to donate; the latter to accept 
electrons . In the latter case the species would in 
resonance terms be denoted as 6: 
N -
+6 Cr 6 6 
+ 
This is a (delocalized) 1,J-dipole and might be expected 
tor act as such; an expectation which so far has not 
* (footnote* continued from p.18) 
that, in this particular case, simple ~O method gives 
the I correct• answer, while SCFMO m.ethod 8 does not. It 
is also irr futable that the nitrene sp ctra resemble 
th b nzyl radical spectrum. 11a 
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been fulfilled . In Huisgen's interpretation of Wolff's 
'dibenzamil ' rearrangement50 it has, however, been 
postulated to react intramolecularly : thermal 
decomposition of phenyl azide in aniline gives rise 
to 2 - anilino- JH- azepine (1) . The following mechanism 
was corroborated by C- 14 labelling: 
N 
6 
Whatever the mechanism, the reaction is of some 
generality and has also been achieved photolytically51 
with both amines and mercaptans as reaction partners, 
and by photodeoxygenation of nitrobenzenes in the 
presence of triethyl phosphite . 52 The reaction is 
discussed in somewhat greater detail in Chapter 1 . 
When the present a uthor ' s work was well in progress, 
Splitter and Calvin53 reported that it is indeed the 
singlet nitrene which undergoes ring expansion, and that 
tripl t phenylnitrene gives only azobenzene and aniline . 
The argument was based on sensitized photolysis which 
gave triplet azide and (presumably!,cf . ref . 58) triplet 
nitrene . The azepine formation from singlet (thermal) 
nitrene was not qu enched b y oxygen . 
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Some additional support for involvement of 
singlet nitrene in this reaction comes from another 
field. Extended Ruckel - MO calculations15d on the system 
* H/ HJ indicate that lone-pair molecules approaching 
the nitrene-p-orbitals linearly will indeed stabilize 
the singlet nitrene by way of a four-electron three-
center bond: ~ 
~ N1l!!!!Jp- C> i C> ~ </JJllllJ, <E-
This would indicate solvent participation in the 
az pine formation, and would explain why the reaction 
takes place only with powerful nucleophiles such as 
amin sand tervalent phosphorus compounds. It is 
surprising, though, that no hydrazobenzene is formed. 
Triplet phenylnitrene 'inserts' in aliphatic C-H 
bonds54a in an abstraction-recombination process. 54b 
Anilin form tion is also b lieved to b a two-step 
process: 
¢- HR 
ri •• 
'P- : 
RH ¢-!fR + R· RH 
¢ H- H¢ 
* footnote on p.11. 
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Hydrazobenzene was found in 0 . 8 '%, yield on pyrolysis in 
decalin, 42 and · ts intermediacy in azobenzene formation 
was proposed but has not received currency. Aniline 
formation in purely aromatic solvents does not involve 
I-I-abstraction from the solvent39 : the hydrogen comes 
from the azide molecules. 55 p-Methoxyphenylnitrene in 
cum ne also abstracts hydrogen from azide molecules, 
giving p-anisidine and phenazine; but half the hydrogen 
comes from cumene which results in formation of 
b . l 42 icumy. 
An intramole ular C-H insertion observed by 
l . k 40 mo ins y, 
~ 
R 
) 
~R 
H 
appears, however, to involve singlet nitrene, for when 
an optically active reaction centre was introduced, 56 
optical purit was completely preserved in gas-phase 
pyrolysis, but only 65% in solution. This is explained 
in terms of th greater likelihood of collisionall 
induc d spin inv rsion in the ondens d phase; the 
tripl t so produced is held sponsible for the loss of 
sp cificity. The eason wh the transient singles an 
b •tr pp d 1 in intr mol cular reactions is, of course, 
that the lifetime of th nitrene will b e drastically 
reduc d; about a hundred times.lld 
2J 
Nod finite conclusion has been reached as to the 
spin state of the species involved in the formally 
related, and very general ring closure in 
2-biphenylylnitrenes, 4 but indications are that it is 
a triplet reaction: 
hV 
or 6 
H 
11 Reis r et. al. hav pres nted convincing evidence 
that photolytic carbazol formation from 2-azidobiphenyl 
involv s a discr te nitrene, most probably an excited 
t . 1 t lla,57 ripe . Th reaction wasp rform d at 77°K and 
follow d sp ctroscopic lly. The product and the quantum 
yi ld w r llc unalt red at room temperature. The ring 
closur had an activation nergy of about 8 kcal/mole. 57 
The evidenc rests on two assumptions, which app ar to 
b satisf cto y : 1) that th ground state nitrene is 
a tripl t, and 2) th tit will b reached in 15 min at 
77°1. Furth r confirmation follows from th recent 
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lld J 
report that the rate of ring closure ( - 10- sec -1) 
is near the rate of abstraction of secondary hydrogen. 
Due to its favourable geometrical p sition, the half-
life of the nitrene ( - 8xl0- 4 sec) is ca 100 times 
smaller than that of 'ordinary ' aromatic nitrenes. 
Swenton58 found carbazole as a direct photolysis 
product of both 2-biphenylyl azide and isocyanate. 
Sensitization deer ased the yield and led instead to 
azobiphenyl and phenanthridone, respectively, and this 
was onsidered to be due to reactions of triplet azide 
and is yan te rather than triplet nitrene. The 
phenanthridone formation certainly favours this 
interpretation. Thus th decrease in yield of 
carbazole may be entirely due to lack of nitrene 
formation. If all th reacting azide is excited to 
th triplet stat, th n wh t little carbazol is formed 
would p sumably aris from t iplet nitrene. 
Th r h snot b n found any obvious ffe t of 
substitu nts in th ring nto which carbazol 
cycliz tin tak s pl e. 4 59 
twas quite possible that the x it d singlet, 
could ha counted for all the obs rv d radial 
hr t of phenylni t n 
th tripl t might both b 
This singlet diradical and 
xp ted to bstra t hydrogen. 
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The evidence presented above, however, indicates that 
there is a shortlived singlet, which could be detected 
by its stereospe ific intramolecular insertion into a 
C-H bond . Since the radical-like spe ies normally 
encountered apparently has a longer lifetime, this is 
likely to be the ground state triplet rather than the 
xci ted singlet. 
Aromatic carbenes such as phenyl- and diphenylcarbene 
and 9-fluo nylidene show the same reluctance towards 
intermol cular C-H bond insertion as do arylnitrenes. 
Instead, they abstract hydrogen, ery selectively; 
thus diph nylcarbene attacks easily abstractable hydrogen 
as in fluoren, but will not react with cyc lohexane. 8 
2-Biphenylyldiazomethane gives fluorene in a reaction 
similar to the above carbazole formation. In contrast 
to arylnitrenes the arbenes do add to C=C bonds, 
8 60 
usually non-stereospecifically, but not entirel so. 
Fluor nylid ne30 is reported to react in the singlet 
state, but an b collisionally deactivated to the 
tripl t b dilu ion with hexafluorobenzene. Maitland 
JonesJO also consid rd th possibility that pyrazoline 
(from diazofluor n) rather than carbene could be 
invol ed in additi n to alkenes . Considerable weight 
26 
has been given to this viewpoint recently, as Filipescu 
and DeMember61 a were able to isolate nearly quantitative 
yields of pyrazolines, thanks to their insolubility, 
from pyrolysis and photolysis of 9-diazofluorene in 
norbornene and norbornadiene, and these products 
rearranged thermally or photolytically to the 1 normal 1 
spirocyclopropanes in a stereospecific way, e.g. 
2 
When photolysis was performed in ether, where th 
pyrazolines are solubl, no such products were obtained, 
but inst ad di- and trifluor nyl. 
Fluo n liden (tripl t?) couples to give 
bifluor nylid n , 8 and the cross- coupling with 
4-biph nylylnitr ne has also b n reported: 4J 
¢-o-··: + 
Th gr und state of fluor n lidene is an sp3-hybridized 
8 
tripl t with on a and on p lectron . 
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The all gedly stabilized nucleophilic singlet 
tropylidene (p.6) similarly dimerises to heptafulvalene 
in the absenc of an electrophilic reaction partner. To 
the author's knowl dge, no attempts at addition of 
allegedly triplet aromatic nitrenes to electrophilic 
alk n shave been reported, but this would now seem a 
worthwhile project . 
V ry r c ntly, however, one report of intramolecular 
addi tion of a nitrene to a C=C bond has appeared; 
· d d · h l than · · d · t · 6 1 b o-azi o ip eny me e gives an azepine eriva ive : 
nt m dia y of z pines in intermolecular attack of 
6lc 
nitr n son romatics has lso b n d emonstrated . 
tropic migr tions. 
It was m ntion d th t rom tic singl ts could b 
t pp din intr mol ul r -H insertions. Hydrog n 
mig tion is noth g n r land appa ently r fast 
proc ss ·nvol ing singl t b n s : 
28 
This was concluded60 from simultaneous examination of 
the course of Skell-addition with and without triplet 
sensitizer. In benzylcarbene only H-migration (not 
¢-migration) took plac as evidenced by deuterium 
labelling. In triarylmethylcarbenes phenyl migration 
occurs, and Zimmerman and Munch62 argued for reaction 
of singlet carb ne in this case too. Triarylmethylnitrenes 
63* rea ct analogously. A special case is seen in the 
ring expansion of 9-aryl-9-azidofluorenes to 
phenanthridines, 64 presumably via nitrenes. 
By means of such comp tition experiments as the 
above, Jones and Ando65 found evidence for singlet 
carben in the Wolff rearrangement of a-k tocarbenes, 
.. 
R-CO- CH O:C=CH-R. 
Thes experimental results are very satisfactory from a 
theoretic l standpoint. Firstly, as the singlet 
sp ci sh s mor internal nergy th.ru;l the triplet, it 
* 
too some evidenc for singlet nitr ne was 
d:63b tripl t xcit tion of the azide quenched 
tion; but gain, this could be due to la k of 
nitr ne formation. 
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might be expected to have the lower energy of activation 
for r earrangement . If the triplet were reacting, the 
rearrangement could not be concerted; the intermediate 
would contain an excited double bond in which spin 
inversion would have to take place before the ground 
state could be reached. Secondly, there might be a 
better driving force for migration of a group to a 
vacant than to a partly filled orbital; the former case 
is essentially a carbonium ion rearrangement. Arguments 
of this kind will be us ed l ater in this thesis . There 
is, however, nothing to prevent a triplet from reacting, 
if need be; for instance, singlet - triplet ~ singlet 
conversion has repeatedly b een proposed in connection 
with the 'lumiketone ' rearrang ment: 66 
o-
0 0 t- 0 " 9+ 0 Q ~9 ~{ --"' ~ ~ Rl hV ---, ~ Rl R2 
'-... ? R2 
Rl R2 Rl R2 Rl R2 
1 Lumiketon ' 
A similar m chanism could without undue difficulty be 
written for th Wolff rearrang ment in 
. ct· · ct 67 qu1.non 1.az1. es 0 
# COOH 
-ro~ro 
although, admittedly, an ordinary (singlet) Wolff 
rearrangement is more attractive. 
Carbynes and atomic carbon. 
Mention may be given of the recently discoveredlJ 
68 . 
monovalent carbon compounds, the carbynes , R-C:, 
which so far appear to react like singlet carbenes, 
giving stereospecific addition, and the chemistry of 
carbon atoms69 which have a triplet ground state, JP, 
JO 
1 1 
and two excited singlet states, D and S . In this case, 
the triplet reacts as a double carbene, adding to two 
moles of an alkene to give a spiropentane: 
C (JP) + 2 - CH:CH- ~ N 
itrenes from isocyanates, and vice versa. 
The first report of nitrene formation by photolysis of 
an isocyanate was by Bamford and Bamford?O in 1941: 
CHJ + CO. 
71 J.H. Boyer obtained products derived from styrylnitrene 
by photolysis, but not pyrolysis, of styryl isocyanate. 
Swenton 1 s photolysis work has a~eady been mentioned. 58 
It is remarkable that products formally derivable 
from triplet nitrenes have been obtained at room 
Jl 
temperature in the dark from phenyl azide, methyl azide, 
methyl ioscyanate, and nitromethane in the presence of 
iron carbonyls. 72 It appears that the iron complex is 
directly involved throughout the reaction, and free 
nitrenes may not be present, although azo- compounds 
were formed. 73 
Some years ago when the present author was 
involved in another study, it was found74 that mass 
spectrometry of phenyl isocyanate did not result in the 
expected fragmentation into (c6tt5 )+ ions and cyanato 
radicals, but, quite surprisingly, led to elimination of 
CO to giv an intense peak corr sponding to phenylnitrene. 
This observation was report d independently by Ruth and 
Philippe. 75 * This was at the time the only exampl of 
nitrene formation by lectron impact, and it led to an 
interest in the possibility of generating phenylnitrene 
outsid the mass spectrome ter so that reaction products 
could b isolated and id ntified. The present thesis 
describ s work to that nd . It may be appropriate to 
m ntion at this stage that pyrolysis of ph nyl 
i s ocyanat was unsucc ssful : at th high st available 
temp r tur, 1000°, only 1% d composition into benzene 
* It has since th n b n r ported76 th t trityl azide 
giv s a trityl cation, not tritylnitrene, on electron impact. 
J2 
and cyanic acid took place. For that reason a study of 
isoelectronic molecules was commenced, and this proved 
highly profitable. 
The revers reaction - addition of carbon monoxide 
to phenylnitrene - has been reported recently to take 
place at high pressur 77 (13 6 atm; 1 6 0-80°). Likewise, 
chloramine and CO give cyanic acid at 500° in the gas-
phase; a reaction which has been interpreted as 
involving combination of Hand co . 78 Even potassium 
azide in a KBr pellet containing trapped carbon monoxide 
is converted into potassium cyanate and nitrogen by 
thermal decomposition. Only the terminal nitrogen atoms 
were involved in cyanat formation. 79a The decomposition 
of ketene into carbon monoxide and methylene is also 
reversible . 8 
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Chapter 1. 
ARYL AZIDES AD RELATED COMPOUNDS 
1.1 . 80 81 Pyrolysis of aryl azides . ' 
The ring contraction reaction. 
Gas-phase pyrolysis of phenyl azide (Table 1) under 
mild conditions (J00 - 600°/0.1 mm) l ed only to aniline 
and azobenzene as already reported by Smolinsky . 40 
0 These conditions are defined as mild because at JOO 
20% of the azide was recovered along with 82% azobenzene 
and less than 0.5% aniline. 
When, however, 0 the sample flask was heated to~ 40, 
violent decomposition took place; the pressure rose to 
cal mm, and the reaction was over in a matter of 
seconds. Th t mperatur of th sample flask rose to 
0 
a bout 100, and a considerable amount of tar deposited 
th re and in the apparatus . It was assum d that the 
incr as drat of sampl introduction produced a shock-
wave in th furnac, and that this travelled back to the 
flask and produced what was virtually a controlled 
explosion. 
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Table 1. 
PYROLYSIS OF PHE YL AZ IDE a 
T°C P mm CCPD ¢c Remark s 
JOO 0.05 0 .5 82 b dist.-in at 20° 
400 0.05 5 52.5 II 
450 l.Jmm 75 II 
air-l eak 
450 trace 66 dist.-in at 45° 
1,3 mm argon carrier 
C 
450 1 10 5 5 dist.-in at 4o 0 
6 00 1 18 2 2 II 
450 1.Jmm 1 5 13 25 dist.-in at 45° 
700 
8 00 
750 
450 
500 
air-1 ak 
d 
1.Jmm 0.5 2 . 5 22 dist -. -in at 20° 
air-1 ak 
0.04 1.5 2 .5 J.O dist.-in at 
oe 
0 f 
0-20° 0.1 0.5 1. 6 2.1 h dist.-in at 
1.Jmm 46 1 g ¢ 3 in 10 ml ¢H air-l eak 
0.1 4o i 1 g ¢ 3 in 7 g ¢NH2 
Product yi lds in %, For procedure, see Experimental . 
20% azid r cover d; yields are corrected for this . 
3% benzen; HC det cted by IR; traces of biphenyl, 
azobenz n, and diph nylamine. 
2J.J% hydrazobenzene, 0,7% biphenyl. 
3% biph nyl, 2 . 5% diphenylamine, trac s of pyridine 
and azobenzene. 
0,5% pyridin; variabl -length furnac with central 
hating lement proj cting 1 cm into exit-end of tube. 
distill din drop by drop at 80°. 
low yi lds of anilin, biphenyl and diphenylamine. 
11% diph nylamin. 
q 
(J 
J5 
The main product (maximum yield 18%) was a liquid 
nitrile (vc 2215 cm-1 ; mass spectrum: M+ 9l=C6H5 ) which 
dimerised at room temperature and dedim rised partly 
on gas chromatography, and was identical with a sample 
of 1-cyanocyclopentadiene (CCPD) prepared by a variation 
of a published method. 
these conditions. 
o azobenzene was formed under 
> 0-c 
8 2. 
The increased pr ssure under the violent conditions 
should facilitate dimerisation and H- abstraction, provided 
that the same species (tripl t nitr ne) is still involved. 
Since the exact opposite was observed, one conclusion 
might be that a different species is involved. Under 
th high pressure and th unknown, but presumably high, 
t mp r tur in a shock-wav, th azide might be 
collisionally heated so as to produce a vibronically 
excit d singl t nitren, ev ntually 'hot' enough to . 
r ct as s uch befor crossing over to th triplet state. 
n oth r words, th r action 8 ~ 2_ should have an 
appr ciabl activation nergy. Th tacit assumption 
that CCPD dos result from nitrene isom rization is 
J6 
supported by the observation (vide infra) that the 
a- of the azide is completely retained in the product 
when isotopic labelling is employed. 
Several experiments aimed at increasing the yield 
of CCPD were performed without great success (Table 1). 
The use of carrier gas usually decreased the yield and 
led to azobenzene instead. The assumption of a high-
temperatur shock-wave is somewhat justified by the 
observation that increased furnace temperature led to 
small yields of CCPD, even at low pressure (e.g. 1.5% 
at 800°/0.04 mm). In on experiment, 0.5 g phenyl 
azid was explod d at atmospheric pressure by heating 
with a Bunsen flame, and the volatile products distilled 
off immediately after . A trace of CCPD was apparent 
from the IR spectrum . 
om time after th publication of this work, 80 
H day 82 and co-workers reported the same ring 
contr ction achiev d by flash vacuum pyrolysis with 
v ry short contact times. These workers were abl to 
isolate s much as So% CCPD, presumably becaus their 
app ratus is xcellently suited for rapid introduction 
and heating of th azid, and for fast trapping of the 
products. 
The expected results of ring contraction in 
substituted phenylnitrenes is shown in Scheme 1, in 
which the only sourc e of the CN-group carbon is 
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assumed to be c1 of th parent azide . The proposed 
intermediates (or transition states) 10-12 are analogous 
to 'prefulvene ', 1 6 , proposed by Bryce-Smith and 
Longuet-Higgins83 as an intermediate in the conversion 
of the first excited singlet state of benzene to 
84 fulvene. An addition product of 1 6 was formed in 
th presence of olefins. 85 
• d 0 
16 
The justification for selecting such an intermediate 
merits som discussion, since a similar intermediate 
has also been suggested for the decarbonylation of 
phenoxy radical and for the elimination of HC from 
anilino radical, reactions which give ris to 
cyclopentadi nyl d . 1 86 ra ica s. 
A rough stimate of the order of the 2,6-bond in 
ph nylnitrene can b obtained from Ruckel - MO data for 
anilin -like molecules. 87 With~·~= 0,5,1 one obtains 
a bond order of 0.111. The higher the k valu, the 
Scheme 1 
B N I + R l 10 
QCN 
R 
Scheme 2 
R10 R3 H 0 1 r.:e O" ) + u· R1 R3 
R2 R2 
~ 
-\ 24 
I 
O"· + R1 R3 
R2 
er 
I R l 
d Ii 
b Me 
C F 
d H 
e H 
a: R = Me 
b: R = F 
O CN 
F-, 3 
R2 
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stronger the bond; h,k = 0 . 5,1 . 5 gives a bond order of 
0.184, a negative charge of - 0 . 54 on the nitrogen 
atom , and a net positive charge of 0 . 90 on the meta-
positions of the ring. This 2,6 - bond order is comparable 
with that of the hypothetical molecule bicyclo-
[ J.1.0]hexatriene, 17 . 88 The difficulty obviously lies 
in selecting appropriate h,k values . A high k value 
will ipso facto give a negatively charged nitrogen, but 
does not tell whether it is correct to assign it such a 
charge. Fischer89 used k = l.2 in the LCA0- M0 treatment of 
verdazyls. Reiser11c used h,k = 0 . J, 0.9 for .· 
phenylnitrene; these values reproduced the spin 
densities found by ESR measurements of the triplet 
nitrene. 
It may well besom what irrelevant to discuss whether 
forn~tion of a prefulvene- type intermediate is thermally 
allowed, 90 for even if it is not, the rea ction conditions 
appear to be violent enough to override orbital 
symm try requir ments . This is reported to happen in 
gas-phase pyrolysis in partic u lar . 91 With this 
res rvation, it still giv s some satisfaction to find 
that th ring contraction of phenylnitrene via 
nitrenopr fulven dos in fact appear to b thermally 
allow d . 
Two cases have to be considered: 
p~ 
l. 
1 
1/1 4 
2 
1/13 
2 
1/12 
2 
"'1 
¢-
A 
Case 1 
1 
pi' 
A 
S:><A 
A S 
s s 
Case 2 
P. 
l. 
1/1 2 X4 X3:>< 4 1/12 J 
X2 1/1 2 2 
X 1 1/12 1 
J9 
s 
A 
s 
Incas 1, each of the nitrog n p - orbitals is singly 
occupi d (p
0 
out-of-plan; pi in-plane of the ring) and 
in cas 2, p
0 
is doubly occupied. The nitren e MO 's 
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- /)4 are thos of th benzyl radical. 87 The exact 1 
position of nodal pl n s in 1/1 4 is somewhat uncertain, 
but this will not aff ct the symmetry properties. 
+ 
+~+ :~:-
+U+ +U+ 
+ + 
+):-
+U-
,0 
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+ 
-A--
-V-
+ 
The prefulvene orbitals x1-x4 are, in order of increasing 
energy 
x1 2,6 C-C cr -bond ( s) 
x 2 allyl (s) 
X3 C= TT -bond ( s) 
X4 allyl (A) 
Since the numbers of symmetric (s) and antisymmetric (A) 
bonding M0 1 s in each case are identical in the product 
and its precursor, the processes are thermally allowed. 92 
In case 1, the p. orbital is listed among the MO's but ]. 
it is not really needed as it goes unchanged over into 
the p . of the intermediate. In case 2, this atomic ]. 
orbital is vacant; the electron is now placed in ~ 4 of 
the benzyl anion. 
The use of two allyl MO's implies that the product 
is a diradical. Should the product be a zwitterion, 
x4 will b 
occupi d, 
vacant, but P- (A) will now be doubly ]. 
thus still providing correlation. 
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As it is the highest occupied MO which determines 
the course of reaction, 90 phenylnitrene will cyclize to 
nitrenoprefulvene in a disrotatory way. A conrotatory 
reaction would be impossible, and would rather lead to 
ring opening. 
It is more difficult to tell whether the prefulvene 
intermediate would exist as a diradical or a zwitterion, 
and whether these would be in resonance. It is 
possible9Ja that such a resonance could take place 
through the Walsh-orbitals15a of the cyclopropane ring, 
thus allowing some stabilization. The reaction can 
also be seen as the result of a bending mode across 
the 2,6-bond in phenylnitrene. The resulting distortion 
would simulate Walsh orbitals at c2 and c6 , and these, 
--+ CCPD 
H 
in turn, could 'grow in190 a Walsh orbital at c1 , thereby 
stabilizing p . . 
:i. 
As can readily be seen, p . can overlap 
:i. 
with only one set of Walsh orbitals at a time, and the 
interm diate already resembles CCPD. 
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Although the prefu lvene intermediate is attractive, 
if f or no other reason than because it conforms to the 
principle of least motion92a, there is no evidence 
(direct or indirect) to support it, and other 
possibilities such as ring cleavage/recyclisation and 
ring expansion/contraction must be considered . Benzene 
is reported to give an open-chain hexadienyne isomer on 
photolysis, 93 a reaction also proposed to take place in 
the mass spectrometer. 94 It will be shown later (Section 
2.2) that a - pyridylnitrenes do, in fact, cleave to 
glutacononitriles . The main problem with this proposal 
is, of course, associated with the necessity for 
reclosure of the ring, a reaction which does not occur 
in the gl u tacononitriles. Ring opening in phenylnitrene 
would be expected to give some hexenynonitrile, e.g . 
18, but this might readily polymerise, and a low yield 
might not be detected. For example, the nitrile 19, 
obtained from 2,J-pyridyne, is reported to be unstable, 95 
N 
t) 
18 
c:x 
y 
20 21 
4J 
but recyclisation of structures such as 18 and 19 is not 
entirely without precedent. The photochemical . 90 conversion 
of 20 to 21, and the thermal cyclisation of the 
hexadienyne isomer of benzene to fulvene and benzene, 93 
are examples. Others which might be quoted are the 
thermal cyclisation of the unsaturated ketene derived 
from 6,6-disubstituted cyclohexadienones96 and the ring-
opening/ring contraction in azidotropone, 97 as well as 
the reactions of aminopyridines and -pyrimidines with 
potassium amide in liquid ammonia98 : 
b, 
0 J 
0 protic solvenl 
0 
~ 
products. 
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The alternative mechanism of ring contraction via 
ring expansion is similarly of some interest, for it 
will be shown in Section 1.2 that ring expansion and 
ring contraction in phenylnitrene occur concurrently, 
though apparently they are competing reactions: when 
optimal yield of ring expansion product is found, little 
product ascribable to ring contraction is formed, and 
vice versa. Primary ring expansion of the nitrene to 
22 is readily acceptable, and although secondary ring 
contraction to 23 would not give rise to a stable product 
immediat ly, subsequent valence isomerization would not 
be unexpec ted. Examples of such isomerizations abound 
0 
H 
22 23 
in oth r systems, including cycloheptatrienes, 99 
. 100 d . . 101 t . . 102 . 103 az pines, iazepines, riazepines, oxazepines, 
d . 104 an azocines . 
twill be noted that all these mechanisms would 
give ris to the sam products, shown in Scheme 1. In 
actual fact this product distribution was not realised . 
Pyrolysis of substituted phenyl azides, R = Me (m- ,p- ) 
and R = F (o-, m-, p-) at 450°/1.0 mm gave in each 
case the same mixture of lJ and 14, namely a ca 2:1 
mixture when R = Me and a ca 6:1 mixture when R = F. 
This does not necessarily mean that none of the 
mechanisms can be operative, for it was found that 
45 
the pure nitriles lJ and 14, when separately subjected 
to pyrolysis at 65 0°/0.001 mm, each isomerised to the 
appropriate lJ/14 mixture. Since this occurs both 
when R = Me and R = F, the reaction is assumed to 
* involve a sigmatropic shift of the cyano-group. 
Similarly, it was found that 2- and J-cyanoindene 
equilibrated at 800°/0 .02 mm, and at 1000° the cyano-
group migrated evenly over the entire TT-surface. 
R R R C 0-c 0-c 600° b ~ ~ 
lJ 14 
C 
©J-cN 80 0° ©O 1000° c-©J:) ____,._ -- ~ 
* 
In view of this, it is not surprising that the non-
conjugated nitrile 15 was not found (Scheme 1). 
The cyanocyclopentadienes are, naturally, expected to 
be formed as the unconjugated 5-cyano-isomers, but to 
undergo prototropic shifts readily. The structural 
assignments are discussed in Section 1.6. 
The failure to obtain discrete products from 
pyrolysis of substituted phenyl azides can thus be 
seen as a result of secondary reactions due to the 
violent conditions of experiment. The CN-group 
46 
migration may involve radical pairs, ion pairs, or be a 
true sigmatropic shift . While only suprafacial 1,5-
( 105 shifts of a -bonded groups H, Me ) are thermally allowed, 
the C -group may undergo any shift by means of p-orbital 
participation, and in fact this would mean a return to 
the prefulvene structure (cf. the 'lumiketone' 
66d 
rearrangement ): 
C 
0-c etc. 
66e The following, highly relevant reaction was reported 
just before this thesis went to press: 
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-78°, hV 
* 
-89° 
~
...--
-9 0 , 
Once again it must be stressed that this mechanism 
for product isomerization, attractive as it may appear, 
is not the only one possible. Very little is known of 
reaction mechanisms under these conditions, and 
conclusions based on 'low energy ' chemistry must be 
accepted with some caution. For example it is possible 
that the nitr ne- could migrate around the benzene 
ring by means of H-shifts in a benzazirine intermediate: 
H 
etc . 
Until C-14 labelling of c1 has been achieved, however, 
th re is no basis for discussion of this possibility. 
Ther is, however, a slight indication that the nitrenes 
may tend to follow the mode of reaction inferred fran 
Schem 1: the ratio 13/14 varies from time to time, 
nd it is difficult to reproduce the experiments exactly . 
In on cas, p-tolyl azide gave so little 14a that it was 
barely d etectabl e by VPC, and the NMR sp ctrum of a 
48 
sample of lJa isolated from the gas chromatograph 
showed no presence of 14a, - an indication that less 
than normal was present (cf. NMR section, 1 . 6). 
Similarly, m-fluorophenyl azide tends to give slightly 
more 14b than does p-fluorophenyl azide. 
It was not possible to achieve violent pyrolysis 
of o-tolyl azide; only o- toluidine and 2,2'-
dimethylazobenzene were formed. Similarly, 
2, 6 -dimethylphenyl azide gave only the corresponding 
aniline and azobenzene, even with a distil-in 
0 * temperature of 230 . This may be explained in terms 
of stabilization of the nitrene by H-bridging, which 
could conceivably lead to decay to the triplet state by 
dimer 
increasing the lifetime of the species. In order to 
test this possibility, experiments were designed to 
promote singl t - triplet conversion by means of the 
heavy-atom effect . As was hoped, 2,4,6 - trichlorophenyl 
azide gave no cyclopentadiene, but a 68% yield of 
* Smolinsky4o found only ' polymer' in the gas- phase 
pyrolysis of this azide . 
hexachloroazobenzene and a mixture of chlorinated 
benzenes, anilines and pyridines (vide infra). It 
must be noted that, in this case, it is difficult to 
achieve the same fast distil-in rate as with the more 
volatile azides, and the absence of ring contraction 
product could be due solely to failure to supply the 
activation energy. The pressure rose to only 0.5 mm 
49 
in this pyrolysis. However, o-chlorophenyl azide gave 
a similar mixture of chlorinated products, an azobenzene, 
but no cyclopentadiene, and in this case a substantial 
pressure rise (to 1 mm) was observed. 
A p-methoxy- or methylthio-group would be expected 
to stabilize the nitrene (either singlet or triplet) as 
was indicated by the mass spectra (Section 1.5) 
whereas such a group in the meta-position could 
stabilize a prefulvene structure (cf. Chapter 2): 
¢ 
+SMe 
These azides were, unfortunately, too involatile to 
make violent reaction feasible, and no cyclopentadienes 
were isolated . Instead fragmentation of the functional 
groups resulted ; p - anisyl azide gave at 700°/0 . 1 mm as 
50 
the main products phenol, anisole, p-cresol, pyridine, 
and a-pi co line; m- and p-(methylthio)phenyl azide gave 
thiophenol, aniline, benzonitrile, and a ca 0.5% yield 
of 1-cyanocyc lopentadiene, estimated from the IR 
spectrum of the crude product. (The VPC retention time 
confirmed that it was CCPD, not methylthio- CCPD . 
Likewise, aniline and benzonitrile indicate loss of 
the S-CHJ group; the formation of these products will 
now be discussed,) 
Other reactions involved in azide pyrolysis. 
Up till now little has been said of the complexity of 
azide pyrolysis . Fig. 16 in the Experimental illustrates 
the situation in one of the worst cases, m-tolyl azide . 
Only from unsubstituted phenyl azide could a reasonable 
yie ld of CCPD be obtained . In all other cases, very 
comple mi tures resulted, and the yields of volatile 
products were usually very low - in the range of 10% 
total, and of this only a fraction was due to 
yanocyclopentadienes, 
The main products are summarised in Scheme 2. 
Benzenes ar usually formed only in low yield, but 
1-naphthyl azide gave a 29% yield of naphthalene at 
800°/o . 1 mm . Formation of phenyl radicals, 3,2, has 
been ascribed to a seconda~y reaction of vibronically 
excited azobenzene. 82 The observation45 that more 
than one mole of nitrogen can arise from aromatic 
azides, even in solution thermolysis, suggests that 
azide radical loss may also be involved, and this has 
recently been shown to occur in photolysis of trityl 
. d 106 . ·1 1 f N azi e; a simi ar oss o J occurs on mass 
spectrometry . 76 It is difficult to refute Hedaya 's 
suggestion, 82 for pyrolysis of azobenzene at 800-900° 
did in fact produce benzene, biphenyl, traces of 
cyanocyclopentadiene and benzonitrile, and other 
51 
products. The formation of CCPD indicates dissociation 
into nitrenes, while the arenes indicate phenyl radical 
formation. Pyrolysis of phenyl azide at 800° with slow 
sample introduction gave biphenyl, CCPD, benzonitrile, 
* aniline, diphenylamine and a trace of pyridine, but 
very little azobenzene (see Table 1). Generally, 
benzenes are formed when little or no azobenzene is 
observed. While this certainly does not exclude 
* Diphenylamine is not usually formed in azide pyrolysis, 
but when benzene is added to the azide, diphenylamine, 
biphenyl and aniline are formed along with azobenzene 
in mild pyrolysis. The yield of diphenylamine increases 
markedly when aniline is added, indicating the reaction 
¢· + ¢ H2 ~ ¢2NH + H
0 
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azobenzene as a precursor, it would imply that all 
azobenzene formed was thus converted. It has already 
been mentioned that phenyl isocyanate gave only benzene 
and cyanic acid. In this case azobenzene as a precursor 
is out of the question. 
The violent azide pyrolysis always produced 
substantial amounts of hydrogen cyanide, and this is 
undoubtedly one of the sources of the benzonitriles, 26, 
usually formed in 0-10% yield. Formation of HC from 
the nitrene via 27 is in line with the demonstrated 
lability of the CN-group, and with the postulate of a 
vibronical~y excited nitrene. Higher vibrational levels 
of the nitrene may be expected to fragment directly, or 
lead to 'hot' ring contraction products which may 
subs quently fragment. The stability of unsubstituted 
cyanocyclopentadiene to pyrolysis (99% recovery at 800°) 
suggests that the bulk of HC arises directly from the 
nitrene {as C radicals). Another possibility, suggested 
by H daya, 107 is that HC is formed from anilino 
radicals. This is essentially a question of whether 
hydrogen capture takes place before or after departure 
of the C -group. 
The cyclopentadien s corresponding to 27 are not 
isolated, presumably due to fragmentation or 
53 
1 . t· 108 l po ymerisa ion, un ess stabilized by a benzene ring: 
1 - naphthyl azide gave at 1000° J% indene, which is 
considerably more than is obtained on pyrolysis of pure 
cyanoindenes {see Table 18, Experimental). 
In addition to the benzenoid products of azide 
pyrolysis, a small and variable yield of pyridines (28) 
was obtained. The reaction, which is of the greatest 
significance, will be discussed in the next section. 
Ring expansion reactions. The study of tolyl azides 
is complicated by a ring expansion of the intermediates 
to benzonitrile, with loss of hydrogen. With the pure 
methylcyanocyclopentadienes 29 the reaction starts at 
0 600, but is nevertheless found in violent azide 
pyrolysis above 300°, further indication that the 
furnace temperature does not reflect that of the reaction 
zone. It is possible, of course, that 'ring contraction' 
and 'ring expansion' take place in a rather concerted 
way in azide pyrolysis. In any event, the yield of CCPD's 
is drastically reduced; {see Table 2 in the reprint). 
600° 
> 
H 
GLC 
H 
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The reaction is written above as a concerted and 
symmetry-allowed9la 1,4-elimination because it is a 
rather facile and clean reaction,~not suggesting 
intervention of a free radical mechanism, which would 
be required for a l,2-elimination. 91a Other examples 
of this general ring expansion will be given elsewhere 
* in this thesis . They include loss of methane and 
HCN from ethylcyanocyclopentadiene and loss of 
hydrogen from 1,J,5-trimethylpyrazole to give 4,6-
dimethylpyrimidine (Section 2.6). These reactions are 
thermal analogues of the ring expansion of the benzyl 
cation and the (M-1) ions derived from -methylindole 
. _ll8a 
and N-methylpyrrole on electron impact. 29 and 
related compounds likewise give prominent (M-1) ions, 
possibly protonated aromatics, on electron impact. 
118b It has been reported that l-cyano-1,J-
cyclohexadiene is unstable, and attempted preparation 
a bo 150° gave only benzonitrile. It seems likely, 
ther for, that in this case, also, the reaction is 
a cone rt d 1,4-elimination from l-cyano-1,.4-cyclohexadiene, 
just as written abov. 
* S also R.F.C. Brown, G . E . Gream, D.E. Peters, and 
R.K. Solly , Aust. J. Chem., 21, 222J (1968). 
1.2. Thermal interconversion of 2-pyridylcarbene 
and phe~ylnitrene . 
Reprint from Tetrahedron Letters 1968, 6149. 
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Tetrahedron Letters o . 59 , pp . 6149-6152 , 1968. Pergamon Pre ss . Printed in Great. Bri tain . 
REACTIONS OF EXC ITED MOLECULES : VII 
Thermal Interconversion of 2- Pyridylcarbene and Phenyl Nitrene 
by W. D. Crow and C. Wentrup. 
Chemistr y Department , Austra lian Na tional University , Canberra, Au stralia . 
(RPCt L"/ d 1n ?0 October l 8 ; accepted f- r J;Ublica ion 11 Noven,ber 1 68) 
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We have earlier re ported isomerisation of phenyl nitrenes to 1-cyanocyclo-
pentadienes (1) , and formation of pyridines (2) from the same source , during gas 
phase pyrolysis of phenyl azide s . We now report the thermal interconversion 
of 2- pyridylca rbene and phenyl nitrene , a further isomerisation on the c6H5N 
energy surfa ce. The ethynylpyrroles , another s table molecule likely to be 
encountered as a component of the surface , have not so f a r been detected . 
Formation of pyrid ine s in pyrolysis of phenyl azides must involve some form 
of N-insertion / C- extrusion cycle , with (in thi s case) loss of the extruded 
C-atom. Th e possi bi li ty of an equilibrium betwe~n II and I II prompted us to 
approach the system from the 2- pyridylcarbene side ; pyrolysis of triazolo-
pyridines ( J) was accordi ngly extended to the 2- pyridylcarbene generator 
v-triazolo(1 , 5- a]pyridine (I , R = H) . At 500°/0 . 04rnm . this afforded aniline 
( 4%) and azobenzene ( 77%) , products ch:iractcri sti c of phenyl ni trene as formed 
in the mild pyro l ysis of phenyl azide (1) . Similarly , I (R = Me) (4) gave J , ]
1
-
dimethylazobcnzene and m- toliidine under the same conditi ons . At 800°/0 . 10 mm. 
the reaction produc ts were very similar to those from violent pyrolysis of _!!1-
tolyl azide ; the GLC traces of the two pyrolysates showed striking similarity 
(5). Table ll li s ts the main identified products from the rea ctions . 
~ R~N----l 
I 
R O CH : 
II 
--:) RON,-RO., 
III I V 
The pyrolysi s products from I (R = Me) a re indicative of a mecha nism in which 
carbene insertion into the 2 , 3- bond of the pyridine ring is followed by the 
extrusion of the pyridine-N onto c2 , although other possibilities exi s
t . 
Confirmatory evidence wa s sought by marking the triazole ring itself , in an 
a~tempt to f ix the location of c1 in the pr oducts . The
 triazolopyridine V 
did not isomeri se , the initial carbene stabilising pr eferentially by insertion 
into the C- H bond to gi vc only 2-vinylpyrid i ne ( quantitative at 5- 800° /0 . 1- 0 . 2 
nun , ) . The corresponding phenyl derivative , however , isomerised smoothly at 
5000/0 .02 mm ., and g ve carba zole in high yield . When t he pyridine ring was 
nes 
) 
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Pvrolvsis of I and IV (R 
I 
Toluene 10. 2 
m-Xylene 0 . 34 
Pyridine o. 11 
..C-Picoline o. 38 
~-Picoline 15.3 
t-Picoline ---
2, 5-Lutidine 4. 1 
2 , 3-Lutidine ---
4- Vinylpyridine trace 
3-Vinylpyridine trace 
1- Cyano- 2- methyl- trace 
cyclopentadiene 
1-Cyano- 4- methyl- trace 
oyclopentadiene 
Benzonitrile 0. 60 
m- Tolunitrile 1. 1 
m- Toluidine 4. 3 
2- Cyano- 5- methyl 2 . 0 
pyridine 
* 
= Me) . (%Yield) 
IV 
3. 7 
0 . 18 
----
0 . 26 
2.1 
---
0. 05 
0 . 05 
trace 
0 . 09 
0 . 2 
0 .4 
0.95 
0 . 58 
2 . 28 
trace 
VPC only) 
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simultaneously tagged with a methyl 
group , as in VI, 2- niethylca rbazole 
was formed in 94% yi eld. 
d 
V 
VI 
Me 
These results are consistent with the existence of an intermediate (or transit-
ion state) in which the atoms are disposed as in VII . The nature and extent 
of the bonding in VII is difficult to assess under the high energy conditions 
of the reaction. Examination of Table :JI reveals some evidence for a more 
concerted mode of reaction, in which rine expansion , ring contraction , and 
elimination of a leaving group occur simultaneously. Vie have previously (2) 
suggested the loss of Nj from phenyl azides as a source of the phenyl radicals 
which give rise to benzenes and benzonitriles observed in azide pyrolysis . 
4 5031 
6 ::::,.. 2 ciH: 
N 
50,1 
6 l.~,)? 
N 
4 3 50~~1 
6 ~ N • 2 
VII 
The formal analogy to this in the triazolopyridines would be loss of CI-IN2 to 
form the 2-pyridyl radical; it is tempting to assume that concerted loss of 
either fragment (Nj or CHN2) may occur in both types of compound . Thus the 
formation of toluene (10%. -Nj) and ~-picoline (155~. - CHN2) from I (R = Mc) 
would correspond to the for!fla tion of the sc.me products (41;. -Nj a nd 2% . -cHN; 
respectively) from IV (R = Me) . Simila rly , production of 2-cyano-5- methyl-
*GLC on a 12 ' x 2/6" column ( 20 %Carbowax 20M on Embacel) . Temperature 90° , 
progr ammed at 2 /min . Carrier gas , helium at a flow rate of 60 ml . /min . 
d 
s 
p 
be 
t1, 
is 
as 
pa 
h 
d 
t 
t 
t 
th· 
A 
th 
et l 
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pyridine from I (R = Me) ( 2% , - cHN; + CN°) would correspond to formation of 
m-tolunitrile (0 . 6%, - N3 + CN ' ) from IV (R = Me) . Although this is far from 
compelling evidence for a concerted reaction mechanism , it is of interest to 
note that phenyl azide is converted to benzotriazole on irradiation (6) , 
presumably via the intermediate VIII , which possesses a structure permitting 
ready loss of CHN2 with formation of the 2- pyridyl radical . This , coupled 
with the f act that benzotriazole does not itself form pyridine on pyrolysis (3) , 
suggests the possibilities for concerted modes of fragmentation as shown by the 
dotted lines in the formulae below . 
d N~ r(N 
VIII 
A si~il3r type of N-insertion/C- extrusion reaction has been reported by 
Sundberg and co- workers (7), in the deoxygenation of Q- nitrotoluenes by triethyl 
phosphite , and the reaction sequence IX- XI , involving nitrene insertion , has 
been proposed . The reaction product XI presumably results from coupling of 
two fragments , one derived from the parent nitrene and the other from the 
isomerisation product X, whicn corresponds to the carbene from V. Setting 
aside the mechanistic complications which may arise from triethyl phosphite 
participation , it seems that the overall reaction is similar to that described 
-
IX 
here . The major difference appears to lie in stabilisation of the electron-
deficient intermediates by nucleophile participation , e . g . the i solation of 
triethyl N-arylphosphorimidates (ArN :P(OEt) 3 ) is strongly suggestive of nitrene-
trdp ing by (Et0) 3F; ohe final product could arise by the attack of X (or the 
relRted carbene) on this compound . Our results indicate that , in the absence 
of s tabilising nucleophiles , the nitrene is the preferred structure , and that 
the carbene related to X would normally transform to 2- vinylpyridine . The fact 
tnat both these findings are et vc1riance with the isolation of XI may indicate 
th t participation by ter lent phosphorus is involved in the intermediate IX . 
A similar conclusion was reached by Cadogan and co-workers (8 ), who isolated 
the 3-H-ezepinyl-7- phosphonate XII from triethyl phosphite reduction of £-nitro-
ethylbenzene . The effect of foreign nucleophiles in stabilising ring 
expansion of nitrenes is viell documented , including the isolation of XIII 
nes 
) 
11 
11 
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(EtO)~ 
XI I (R=Et) XIII (R = H,¢) 
from tervalent phosphorus reduction of nit rocompounds in the presence of Et 2NH (9) , and the isolation of azepines from pyrolysis (10 ) or photolysis (11 ,1 2) of 
phenyl azides in amines , and from photolysis of anthranils in methanol (13) . 1 
In the present work , the intermediate VII is at no stage trapped by nucleop-
hiles , and must transform intramolecularly to escape from its energetic 
dilemma . Since dimeri sation is the final escape route s ought by the nitrene , 
rather than the ring contraction characteristic of the hot singlet (1 ), i t is 
tempting to assume that decay to the triplet state ha s occurred . Regard l ess 
of the accuracy of this assumption , it does seem clear that the r ing contract icn 
of phenyl nitrenes to cyanocyclopentadienes does not occur through the 
intermediacy of a ring- expanded form such as VIIb , since in this case the 
v- triazolopyridines I should give rise to much greater yields of these 
products than they do . 
( Compounds in Table JI were identified initially by retention time , then by 
comparison of UV , I R, NMR and mass spectra with authentic data ). 
1 • 
2 . 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11 • 
12 . 
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R. Huisgen and M. Appl , Chem . Ber., 3.1 , 1, 12 (1 958 ) 
W. von E. Doering and R. A. Odum , Tetr ~hedron , ~' 81 (1966) 
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M. Ogata , H. Kano and H. M:ltsumato , Chem . Comm., 1968 , 397 
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Labelling experiments. 
Violent pyrolysis of phenyl azides produced complex 
mixtures from which not all products could be isolated 
and identified, but perhaps the most intriguing 
reactions were ring contraction to cyancyclopentadienes 
and formation of pyridines, since both involved 
rearrangement of the aromatic ring, traditionally 
regarded as stable to thermal conditions, eve n when 
. lld 4 
attached to a univalent nitrogen. ' Although 
speculation may produce some reasonable mechanisms, 
there will always be alternatives, and for that reason 
more detailed information was sought as to the exact 
movement of the atoms involved . 
In the preceding reprint attention was drawn to the 
possibility that phenyl azides could undergo cyclization 
prior to loss of nitrogen; the loss of CHN 2 from such an 
intermediate would constitute a possible route to pyridines 
(Scheme J (a)). It is assumed, in view of the reaction 
conditions, that the sigmatropic H-shifts in Scheme J (a) 
must be taken into account, should the mechanism be 
operating. This would account for the formation of 
a -picoline, and also for formation of Y. -picoline, which 
was not observed but could be present in low yield. 
Scheme 3 
H•H..H* 66: 
/ \. 
a-N1ll ~ * H * '/ ·.. H (a) ~ ...... _/ H ./ .j ~ \ ...... . 
l ! i i 
loss of c2,N* loss of c1 loss of c6,N* loss of c1 
~-picoline-N14 a-picoline-~5 ~-picoline-~ 4 Y-picoline-N15 
(b) 
N 
(c) 6 /f °'- ©(CH~ 
- q _;•c,~ A 
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It is seen that the use of m-tolyl a zide-J- 15 would 
result in labelled a -picoline but unlabelled s -picoline . 
T 1 1 · d J 15 . 1 l m- o y azi e - - was vio ent y pyrolysed and 
15 the products examined for N - content by VPC-mass 
spectrometric analysis. Too little of the lutidines 
and 4-vinylpyridine was formed in this run for positive 
identification. Instead, 2 -vinylpyridine ($ 0. 1%) wa s 
isolated* and found not to contain any l5 Of the 
rest of the nitrogen-containing compounds listed in 
Table 2 (reprint),~ had any more than natural 
** 
abundance . The precyclization process (Scheme J) 
is therefore not operat~ve~ at least not in the 
formation of a -pie oline. Any mechanism involving 
15 
nitrogen atoms derived from azido -ra dicals is likewise 
* 
A peak corresponding to this compound is always present 
in the gas chromatogram, but it had not pr viously been 
possibl to isolate the mat rial. 
** 
l-Cyano-2-m thylcyclop ntadiene (14a) showed an (M+l) 
p a k twice as high as natural isotopes require, but an 
(M+2) peak was also pr sent, evid n tly due to an 
impurity. For that reason, th (M+l) peak was checked 
by high r solution mass spectrometry which proved that 
no more than natural 15 was present. The e xc ess (M+l) 
abundance was due to another compound, C Hg • Th 
oth r nitril (1:J.a ) and m-toluidine were 7also check e d 
by high r solution and found not to contain excess 
15. m,m'-Azotoluen, obtained by mild pyrolysis at 450° 
/0 .1 mm, did not contain ad t ctable a moun t of 15 either . 
This is vid nc, but not proof, for nitr n dim risation, 
rath r th n attack of nitr n on azide,lld in 
azob formation. 
ruled out. As for the ring contraction, reaction via 
isomerization to benzotriazoles would result in 
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retention of at least 50%, and possibly all of the 15 
(cf . ection 1.J). Since retention of -2 seems rather 
impossible, the results indicate complete retention of 
-1, implying that the reactions are genuine nitrene 
reactions. 
Having established this important point, the next 
step was to consider possible m chanisms for the 
nitrene-pyridine transformation. In Scheme J ( b) 
Cl- is rotat d in the vertical symmetry plane of the 
molecule with the formation of a species related to a 
carbyne. lJ It would result in exclusive loss of cl. 
Scheme J (c) presents the course of pyridine formation 
via ring expansion. It is seen that m-tolylnitrene 
will giv only S -picoline, and likewise p-tolylnitr ne 
will only give Y-picoline. In each case, however, the 
81 leaving group presents a problem. One possibility 
is that the resultant carbenes react with themselves or 
with unisom ris d nitrenes, followed by fragmentation 
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analogous to that propos d by H daya et. al. for the 
generation of phenyl radicals from azob nzene (Scheme J 
(ct)). This m chanism would r sult in loss of 2 or c 6 
and could b t std by deuterium lab lling of the ortho-
6J 
positions which would result initially in loss of half 
the deuterium. Since the pyridyl radical so form e d must 
abstract hydrogen from somewhere, the total loss of D 
may, however, be less. 
At this point it is necessary to mention that 
v-triazolo [ l,5-a ]pyridine gav e, in the low 
temperature pyrolysis, two additional products in low 
and variable yield. One product (1-2%), eluting 
shortly after azobenzene, was identified as diphenylamine 
and is of little interest as it is a pyrolysis prcxiuct 
of azobenzene. The other product (1-J%) was a colourless 
oil, isomeric with azobenzene acc ording to high 
resolution mass measurem nt. Its IR, UV, and mass 
spectra, as w 11 as Rt were totally different from 
those of a -picolinealdehyde anil; but it was found that 
the IR spectrum was identical with that of trans-l,2-
di-(2-pyridyl)ethylene109 with a minor impurity due 
* to a -picolinealdehyde hydrazone, which has th same 
VPC r tention tim. The UV spectrum was consistent with 
this conclusion, and the mass spectrum at low voltage 
finally show d that the hy drazone (m/e 121) was indeed 
* from which the triazol was prepared. The mass 
sp ctrum of th triazol e also indicated a minute impurity 
two mass units higher than M+. 
present as an i mpurity. The major fragmentation 
reactions were then readily explicable as simple 
cleavage (a,b) and a McLafferty rearrangement such as 
* is also observed in 2 - vinylpyridine (c) : 
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~ 
~ - o. r H (a) • ( C) 
Py 
(c) 0 . + C2H2 (~ 
~ 
11 
6 - Methyl-v-triazolo [ l,5 - a]pyridine similarly j av 
a dimethyl- compound isom ric with dimethylazobenzene, 
in which also a trace of the hydrazone was evict nt in 
th rn ss sp ctrurn . 
Th formation of dipyridylethylenes is evidence 
for th pr s nc of fre 2 - pyridylcarbene. The hydrazone 
* High r solution confirm d trat 2-vinylpyridine gives 
b as p k (M - c2II2 ) ; wh res J- and 4-vinylpyridine giv (M - 27 ). 
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impurities may a count for some or all of th pyridine 
form d - but of course thy will not explain the 
formation of such products from azides. 
p-Toluidine-2,6-d2 
110 prepared by exchange with 
D20 was converted to the azide. The isotopic purities 
of this and of th pyrolysis products are shown in Table 
J (a). tis lear that p-toluidine, p-tolunitrile, and 
toluene retain the original deuterium content almost 
complet ly. Some exchange is not surprising in view of 
the reaction conditions. 
Y-Picoline, however, showed a rather high degree of 
loss in d 2 and increase in d 0 • If this was due to an 
intermol cular scrambling proc ss, dilution with 
unlab lled p-tolyl azide (Table J (b)) should lead to 
a marked increase in the d1 -component. As can be seen 
from th Tabl, th results indicate almost perfect 
scrambling of on ortho-hydrogen in each molecule with 
all avail ble ortho-hydrog ns. In all these cases the 
(M-15) p aks in th mass sp ctra had the sam isotopic 
distribution as th M+ p aks; which indicates that no 
Refer n to Scheme 4 will make it more clear what is 
m ant by this: one o-hydrogen in ach mol ul is 
scrambl d intermolecularly, but only with o-hydrog ns. 
Simila ly for s rambling mong 11 aromatic H. 
exchange b tween aromatic- and methyl-hydrogens is 
* involved. 
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The peculiar scrambling pro ess in -picoline is 
not consistent with formation of a. -pyridyl radicals 
which, like the tolyl radicals, are expected to abstract 
hydrogen preferentially from methyl groups, but it is 
readily explained if dipyridylethylenes are the 
pr cursors of pyridines ( cheme 4); i.e. a thermal 
analogue of th ** observed mass spectral reaction. 
The cyanocyclop ntadienes were not examined for 
deuterium cont nt because they xchange rapidly with 
wat r in the inlet syst m (all metal) of the mass 
sp ctrom ter. (1-Cyanocyclopentadiene incorporates up 
to 5 D by xchange with a D20-saturated inlet system). 
* In order to check that H-exchange did not occur during 
the analytical procedure, 2-picoline-6-d was subjected 
to VP and mass spectrom. try . o loss of isotopic purity 
occurred eith r wh n n at or diluted . 
** 
ot added in proof: It was m ntioned in the reprint 
opening this s ction (p.56), that Sundb rg et. al. had 
report d a similar ring transformation. Ina recent 
paper52a Sundberg and co-workers proposed a new 
mechanism involving methyl-group migration. There 
app ars to be no need for such a me hanism, and th 
results r r dily e pli abl in terms of azatrop lidene 
and 2-pyridylcarb n participation. This is also 
inher nt in a proposal mad by Cadogan.5 2 
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If m thylcyanocyclopentadienes are the 
pr cursors of benzonitrile, the result for this compound 
(Tabl J (a)) is understandable in terms of exchange. 
F urth rmor, as loss of H2 must occur when benzonitrile 
is formed, loss of d euterium must also result. The 
figures are consistent with ca 25% loss of deuterium. 
It is not d, however, that in the second experiment 
(Tabl e J (b)), benzonitrile showed a high degree of 
retention of deut rium. The discrepancy may be due to 
different pyrolysis pressures (which are difficult to 
reproduce and only roughly known). To test the 
mechanism of benzonitrile formation it would seem 
n cessary to do a larg number of experiments under 
differing conditions, and possibly with diff ring 
deut rium cont nts. 
Y-Pi olin was contaminat d with a trimethylbenzene 
(m/ 120) which had lost all d uterium. According to 
its Rt' it can only b 1,2,4-trim thylbenzene 
(pseudocum n ). 
Furth ussion of th ring isom risation. 
Th form t·on of (pr sum ct) triplet ph nylnitren in 
pyrolysis of -triazolo [ l,5-a]pyridines r is s 
int r sting probl ms of singl t-tripl t tr nsitions . 
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Table 3 
(p -To lyl azide)-2,6 -d2 and pYrolysis products a,b 
% d dl d2 d3 total D 0 
p-Tolyl azide (10) (a) C 4.2 34.2 61. 6 1.57 (9) (a) 5.10 34.60 60 . 30 1.56 (10) (b) 52.1 17 . 1 30.8 0.79 
Y-Picoline (10) (a) ll.3 36.9 48.7 1. 34 
calc.d 4.4 33.6 62.0 1.57 
calc. e 9.3 46 . 0 44.8 1.36 
Y-Picoline (10) (b) 33.8 47 .4 18.8 0.85 
calc . d 36.8 47 -7 15.5 0.79 
calc. e 46.6 44.2 9.2 0.63 
p-Toluidine (9) (a) 7 . 3 37.0 55.0 :;;; o. 5 1.49 
(9) (b) 51.5 21. 0 27.4 :;;; o. 1 0.76 
p -Tolunitrile (10) (a) 6.0 35.5 58.5 1.53 ( 10) (b) 57.0 13 .3 29 . 6 0.73 
Benzonitrile (10) (a) 8 . 8 41.6 49 .5 1 .41 
calc. f 16.9 53.7 29.3 1. 12 
calc. g 12.75 41.05 46.2 1.33 
Benzontrile (10) (b) 45.0 18.0 37 . 0 0 .92 
calc. f 58.5 26 . 9 14.7 0.56 
p-Xylene (10) (b) 57.0 16.0 27 .0 0.70 
Toluene ( 10) (a) 7.6 34.0 58 .4 1.50 
( 10) (b) 49-2 20.4 30 .4 0.81 
Pseudocumene (10) (a) 100 0 0 o.oo 
( 10) (b) 100 0 0 o.oo 
a ) Isotopic purities by mass spectrometry (MS9 (9) or MSl0 (10) 
as indicated) at 10-12 ev . b ) All figures are corrected for 
natural isotopes and are averages of 3-5 measurements. A 
considerable error of measurement is apparent. 
c ) Series (a) : original deutera ted azid ; series (b): diluted 
with unlabelled azide 1:1, 
d ) Cale . for scrambling of one o-hydrogen among all o-hydrogens (see text) . 
e ) As d), but scrambling among all aromatic H. f ) Cale. for 
randon loss of HH/HD/DD. g ) Cale. for 25% loss of D. 
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The formation of 2-vinylpyridine from the J-methyltriazol e 
(Vin the reprint) is assumed to be a reaction of singlet 
carbene (cf. Introduction). It is evidently much 
faster than ring isomerisation so casts no light upon 
the question of spin state in the latter, but in view 
of the results of Splitter and Calvin53 it may be 
assumed that here, too, a singlet carbene is involved. 
It is also of importance her that singlet azatropylid ene 
will be stabiliz e d by its geometrylSc (bent carbene). 
If, however, contradiction with the a ssumption that 
azobenzenes and carbazoles arise from triplet nitrenes 
is to be avoide d, spin inversion must at some stage take 
plac : 
The ring isomerisation occurs under such mild 
conditions that it cannot hav a large activation energy . 
It must, how v r, consume a portion of th thermal 
en rgy initially available to th carbene so that th 
outcome, the nitrene singlet, may b e in a rath r cool 
state, facilitating intersyst m crossing. As it 
requir s a high temperatur to obtain a low yi ld of 
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cyanocyclop ntadienes, it follows that conversion of 
the preswned azatropylidene to phenylnitrene would have 
a lower energy of activation than its conversion to 
cyanocyclopentadiene. Thi does not support any hypothesis 
that cyanocyclopentadienes arise directly from the ring 
expanded species. Rather, it confirms that the ring 
contraction in the nitrene has an energy of activation, 
and may be a reaction of th singlet. These considerations 
are set out in a qualitative way in the diagram below: 
6 0 ©lcH 
CCPD $- = -¢> Q pyridines 
It is not absolutely clear why 2-pyridylcarbene 
shows so much larger tendency towards ring expansion 
than does phenylnitrene. Presumably, the reason is 
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that the nitrene is lower on the energy surface than the 
carbene, i.e. another indication that nitrenes are less 
111 
reactive than carbenes. It will be shown in Chapter 
2 that 2-pyridylnitrene both ring contracts, ring expands, 
ring opens, and abstracts hydrog n; and it will be 
assumed that the nitrene and a diazatropyljdene exist 
in equilibrium. 
Formation of carbazoles. 
The facile formation of carbazoles from J-phenyl-v-
triazolo [ l, 5-a]pyridines s rved to locate c
3 
in the 
pro ducts. The reaction is clearly of potential value 
in the synthesis of a rang of heteroaromatic nuclei, 
as attack of a 2-lithiopyridin on a suitable nitrile 
should open the way to preparation of a range of 
v-triazolopyridin s: 
~i 
R = 
etc 
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Similarly, the r action offers access to aromatics 
specifically labelled in the ortho-position: 
etc. 
It will have to be proved, of course, that ortho-labelled 
aniline is in fact obtained . 
P . A.S. Smith59 once posed the question as to whether 
the transition state for carbazole formation from a 
2-nitrenobiphenyl involves co-planar or perpendicular 
benz ne rings. The former situation would be expected 
if the reaction took place via hydrogen abstraction, 
while th second possibility might indicate attack on 
a C=C bond or direct insertion into a C-H bond. 
and co-workers59 pr pared the 4-azidofluorene (JO) 
rnith 
and 4-azidofluorenone as test-substances, in which the 
benzene rings r forced into a co-planar configuration, 
cyclization in these cases would, however, lead to the 
strained and unknown 4,5-rn thylenecarbazole, Jl, and in 
fact, th se work rs w r unable to isolate any 
identifi bl product from solution pyrolysis. 
-*7 
2 
II 
4-Azidofluorene, 0 on gas-phase pyrolysis at 500, 
gave only 4-aminofluorene (48.6%). The low pressure 
7J 
( - 10-J mm; contact time - 0 . 1 sec) is thought to be 
responsible for the non-formation of azo-compound. 
4-Azidofluorenone behaved analogously. For comparison, 
0/ -2 4<fl_ 2-azidofluorene at 500 10 mm gave a J9. ~ yield of 
2-aminofluorene and a small amount of an orange compound, 
presumably azofluoren Under similar conditions, 
2-azidobiphenyl gives a quantitative yield of carbazole. 
4-Azidophenanthr ne would appear to be a more suitable 
model for answering Smith's question. In fact, it has 
112 4 b en report d that gas-phase dehydrogenation of -
phenanthrylamin over calcium oxid gives benzo [ ct. e . ..r].-
carbazol : 
H 
JNU 
[QYQY 
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It is not known whether this reaction involves a nitrene, 
and it is assumed to take place on the surface of the 
calcium oxide. Even so, it appears that co-planar 
benzene rings will not prevent carbazole formation. 
If true, this would be a further indication of hydrogen 
a b straction as th initial reaction, and thus of triplet 
. t t. . t . lld ni rene par icipa ion. Unfortunately, preparation 
of 4-phenanthrylamine113 was, in the present author's 
hands, unsuccessful ; and the azide could not therefore 
be obtained. 
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Section 1.3. 
Cyanocyclopentadienes by Pyrolysis of !satins and lH-Benzotriazoles 
By \V. D . CRow• and C. WENTRUP 
(Chemistry Department, Australian National University, Canberra, A .C.T. 2600, Australia) 
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nterpretation of mechanisms in this rea tion, as 
set out in the reprint, is founded on the structures 
assigned to the cyanocyclopentadienes 1 based primarily 
on NMR spectra. These are somewhat unusual and in 
cases not fully understood, so in order not to unduly 
complicate the discussion, they are treated separately 
in Section 1.6. The correctness of the gross reaction 
mechanism follows from three examples where the products 
were known (1,4-dicyanocyclopentadiene114 and 
J-cyanoindene
115 ) or readily identifiable (2-cyanoindene), 
and is further corroborated by the fact that 
triazolopyridines apparently follow the same mechanism 
( Sec ti on 2 . 1 ) . With this kn owl edge 1 the NMR spectra 
of other, previously lll1.known 1 cyano yclopentadienes can 
be interpreted on th basis of the known spectra, and 
on the basis that the gross reaction mechanism is known. 
The main advantage derived from th work described in 
this section is that it permitted isolation of larger 
quantiti s of unstable cyanocyclopentadienes than in 
the case of azid pyrolysis, so that more sophisticated 
NMR examination could be achiev d . NMR spectra of 
azide produ ts usually had to b a cumulated by 
computer with occasional loss of clarity . 
a 
H b 
C 
d 
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R 
C 
CFJ 
Cl 
F 
5(6)-Cyanobenzotriazole, J2a, gave 
1,4-dicyanocyclopentadiene, JJa, identical with the 
compound described by Webster114 (erroneously called 
l,J-dicyanocyclopentadiene in the paper). After 
acidification of an alkaline solution of this nitrile, 
it had the same UV spectrum as reported by Webster for 
the 'conjugate acid', i.e. a 10:l mixture of 1,4- and 
l,J-dicyanocyclop ntadiene. 
was initially pr sent. 
one of the l,J-tautomer 
5(6)-(Trifluoromethyl)b nzotriazole (J2b) gave a 
nitrile which ppear d to contain free hydrog n fluoride 
(sm 11 and corrosiv property), for which reason it was 
not xamined for purity by gas chromatography. Its IR, 
mass, and NMR spectra were, however, consistent with JJb. 
Details of other triazol pyrolyses are given in 
Experimental. The mass spectrum of 2-cyano-l, 4-
dihydrobenz [ a]p ntal ne is shown in Fig. J. The 
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abundance of the (M-2) peak is taken as one of the 
most important indications in favour of the assigned 
structure, as loss of H2 would lead to a benzopentalene 
ion (Scheme 5). A similar re a ction is seen in the 
mass spectra of 2-, J-, and 4-aminofluorene which lose 
2H followed by HCN; and the azidofluorenes and 
triazolofluorene all los 2 followed by HC . The spectra 
of some of these compounds are also shown in Fig . J. 
As the NMR spectrum of the cyanodihydropentaLene 
shows two differ nt, uncoupled, CH2-groups (T 6.85 and 
7.35) a number of other structures are ruled out. The 
low frequency or the C -band in the infrared 2210 cm ( -l) 
is consistent with the fully conjugated nitrile group 
(e.g. 2-cyanoindene: 2215 cm-1 ; J-cyanoindene: 22Jl cm-1 ). 
The compound is unstable: on ageing at room 
temperature, two new compounds were formed, as shown 
by gas hromatog phy . 
A mixtur of 2- and J-aminofluorene is also formed 
from th triazolofluor ne, at 570° ~ 14%. The amount 
decreas s with in r asing t mperature (a general finding) 
as measur d by th relati e optical densities of the 
( -1) amino band J400 cm and th nitrile band in the IR 
spectrum of th rud products: 
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Pyrolysis t mp . oc. D(C= )/D( H2) 
550 2 . 7 
570 15.0 
600 17.5 
It is worthy of note that deer ased stability of 
the cyanocyclopentadiene results in increased yield of 
the amin corresponding to the triazole . Benzotriazole 
gives about 2% aniline. Inden s are much more stable 
than cyclop ntadienes, and no naphthylamin is formed 
from the naphthotriazoles . Fluorocyanocyclopentadienes 
appear to b 1 ss stabl than CCPD, dimerising rapidly, 
and only dedim rising with difficulty on gas 
chromatography; an unusually high yield of 10% 
fluoroanilin s, and only 40% fluorocyanocyclopentadiene 
were formed from the triazole J2d at 6 00°. As stated, 
the cyanodihydrop ntalene is unstabl, and a rather 
high yield of amine is form d . This suggests that there 
is some th rmodynamic control of the reaction. Th 
formation of amines is taken as idence far l,J-diradical 
int rm di ts, and th amine yi lds pr slilllably refl ct 
th ir lif tim s. Wh nth th rmodynamic stability 
* Furth r vid n e is th w 11-kno wn fori.1a ti on of 116 2 4 6 
carbazol s by p rolysis of 1-ph n lbenzotriazol s. ' 
Scheme 5 
0:0) 
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of the product decides the course of reaction of these 
intermediates, the ring contraction can hardly have a 
high activation energy . 
The fact that benzotriazoles 
(usually ) give very high yields of ring contraction 
also suggests that this reaction has a lower energy of 
activation here than in the case of phenylnitrene . 
Mechanism. 
The ring contraction is most easily rationalised as an 
analogue of the Wolff rearrangement in ketocarbenes : 
~ -NH O=C;:;,NH 
0-CtH 0-c 
Benzotriazol was pyrolysed under a variety of 
conditions in an att mpt to d termine th spin state of 
the r acting species (Table 4) . Inspection of this 
table shows that, although the effects ar small, inert 
carrier gas s tend to increase the yield of 
cyanocyclop ntadiene as long as the pressure (and flow-
rate ) dos not b eco m so high th t trapping is incomplete, 
and hence y ields apparently reduced; - but they also 
decrease the yield of aniline (-so%). If CCPD was 
formed from a singlet biradical which could be 
collisionally deactivated to the triplet, which then 
could give aniline, the exact opposite was to be 
BJ 
expected. The corollary, that aniline is formed from a 
singlet, and ring contraction is a reacti-0n of the 
triplet, is inconsistent with previous evidence. Rather, 
the effect of a carrier gas is one of fast removal of 
product from the reaction zone, with the result that 
CCPD is isolat e d in a high state of purity, virtually 
free of dimer. Furthermore, an inactive diluent will 
decrease the probability of collisions favourable for 
H-abstraction, with the resultant decrease in the 
yield of aniline. 
Oxygen, too, decreases the yield of aniline. It 
also decreases the yield of CCPD which is unstable in 
air, and it is possible that oxygen reacts with the 
products rather than with the intermediates. Nitric 
oxide, another radical quencher, evidently did react 
with the products; the pyrolysate was originally blue, 
but turned dark red on warming to room temperature. 
The same dark red solution was formed immediately when 
a sample ofcy~nocyclopentadiene containing 2% aniline 
Table 4 
Pyrolysis of Benzotriazolea 
Additive Pressure mm CCPD 0NH2 0CN 
none 0.15 92 2.1 noneb 0.15 96 2.0 argon carrier 0.5 99 l.O argon 5.0 87c 0.5 aird 0.5 60 0.5 0.2 oxygen 0 . 15 58 1.6 1.0 oxygen 0 . 25 37 trace 2 .0 nitrogen d 0.5 95 1.8 carbon dioxide 0.5 90 1.3 carbon dioxided 4.0 86C 0.4 water (2 ml) 0 . 12 94 1.8 HCN 0.5f 99 1.0 0 h NO g)i 0.1 (20)g traceg trace CH2B~2 (16 0.05-0.1 (35-50) 0 5 
nonet 0 . 15 63 trace 0.2 none 0.15 90 1.5 
a ) 0.5 g Benzotriazole pyrolysed at 760° in packed tube; 
trapping in liquid nitrogen, three traps; unless otherwise 
stated. 
b) unpacked tube. 
c) trapping incomp l ete. 
d) trapping in dry ice-acetone. 
e ) ~ 0.10 mm sample pressure. 
f) ca 0 .10 mm NO; maximum recorded pressure: 0.1 mm. 
g ) decreases rapidly due to reaction with NO. 
h ) other products formed . 
i ) hydrogen bromide evolved; KOH trap inserted; black solids formed. 
j ) 8500; hydrogen cyanide formed . 
k ) 600°. 
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% 
was exposed to nitric oxide gas. According to gas 
chromatography, the same products as in the pyrolysate 
were formed. CCPD was drastically reduced (to~ 75%) 
and, not surprisingly, aniline was reduced to near 
imperceptibility. 
o benzonitrile was formed. After 
one hour at room temperature, CCPD was reduc e d to the 
same quantity as obtained in t he gas-phase reaction, and 
no aniline or benzonitrile was present. It may be 
d e duced that benzonitrile arises from a radical process 
in the gas-phase. Pyrolysis of CCPD in a stream of 
hydrogen cyanide indicated tha t HC a lone is not enough 
to produce benzonitrile. 
The heavy-atom effect of methylene bromide was 
not observable as the compound decomposed to hydrogen 
bromide, which is sufficient to explain the decreased 
yields of cyanocyclopentadiene and aniline. It is 
conceivable that the relatively high yield of 
benzonitrile in this experiment could be due to addition 
of bromocarbene to the biradical intermediate - or it 
may 'simply' be due to the presence of radicals. 
The hope that carbon dioxide would act as a 
l,J-dipolarophile with the int ermediate to yield 
b enzoxazolone was not realised. Rather, CO
2 
acts as an 
ordinary carrier gas. 
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Since the methylene chloride experiment was to 
no avail, 5(6)-chlorobenzotriazole (J2c) was pyrolysed 
in the hope that an intramolecular heavy- atom effect 
might be observed . Even under the mildest conditions 
(550°/ 0.1 mm) where only 50% pyrolysis took place, loss 
of chlorine occurred with the result that a 4:1 mixture 
of chlorocyanocyclopentadiene (JJc) and CCPD was formed 
in 90% yield . No amine was detectable by VPC, a result 
that would again suggest thataniline, not CCPD arises 
from a singlet; but it is conceivable that chlorine 
15d may stabilize a singlet intermediate by resonance : 
Cl~• 
~ -NH 
Q 
Cl~ 
H 
As it stands, the spin state of the intermediate 
rema ins sp culative, and doubt has been cast on the 
presence of a heavy-atom effect in azide pyrolysis. It 
is recognised, however, that there is no obvious reason 
why a singlet l,J- biradical should~ abstract hydrogen, 
for the lectrons are in different, and nonbonding 
orbitals. 
1-Alkoxycarbonylbenzotriazoles. 
These were pyrolysed in order to see whether it would be 
possible to place a proton specifically on one nitrogen 
atom of the triazole, without which there would be n o 
point in carrying out c14 labelling experiments to 
establish the mechanism of benzotriazole pyrolysis. 
Scheme 6 shows the reactions encountered. 
1-Ethoxycarbonylbenzotriazole (34) gave at 800°/0 .1 mm 
40% dimeric cyanocyclopentadiene (JS) which, as usual, 
dedimerised on gas chromatography above 200°, 18% 
benzonitrile (36), carbon dioxide, ca rbon monoxide, 
ethyl ne, acetaldehyde, and methane. * At 525°/ 0.1 mm, 
J4 gave a new nitrile identified as 
ethylcyanocyclopentadiene (37) from the similarity of 
its IR and UV spectra with those of lJ and 14, and its 
mass spectrum which showed a strong molecular ion 
(m/e 119), loss of methyl (m/e 104), and loss of HC 
from m/e 104 (m/e 77) (Scheme 6). This nitrile itself 
gave at 800° 1-cyanocyclopentadiene (70%) and 
benzonitrile (24%); the latter presumably via JS; (cf. 
p .5 J) . When the pyrolysa te from 37 was gas 
chromatographed on silicon rubber (Colwnn B, 
* 
The gas ous products were identified by their IR gas 
spectra and mass spectra. The general procedure is 
described in Experimental . 
COOEt 
Et 
~ 
Scheme 6 
+CO2 + CH2CH2 + N2 
+ CO + CH3CHo + N2 
L 0-rn -
NC 
..l2 
&Off -CH4 > Ol Off 
m/e 104 m/e 77 
CN 
Scheme 7 
Q::; 
-4 Or) ex, + J-CH3 I 
fCH COOCH3 3 
l? 
O(CH3 
ii• + OlN• Ji) 
l? 
~~ 0--c~-CHJ 
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Experimental) which does not separate tolunitriles from 
benzonitrile, the benzonitrile so obtained was found by 
mass spectrometry to contain an impurity corresponding 
to tolunitrile (m/e 117) in~ 0.1% yield. 
1-Methoxybenzotriazole similarly gave CCPD and 
the two methyl-CCPD 1 s 14 and 13, p-tolunitrile, and a 
compound believed to be 2-methoxybenzoxazole (l.2) in 
the ratio (relative peak areas by VPC) 2:1:10:0,5:5, 
* The IR sp ctrum of 39 was similar to that of 
2 -methylbenzoxazole (40) 119 , and so was the W spectrum. 120 
[AEtOH 276, 270, 266(infl.) (benzenoid band), and a max 
second band at 230 mµ (cf. ref.120).] The W spectrum 
of a solution in 2N hydrochloric acid showed initially 
a hypsochromic shift of 10 mµ (cf. ref. 120) and 
changed rapidly to one superimposable on that of 
2 - aminophenol (cf. ref. 120), and the spectrum of an 
ethanolic solution to which were added a f w drops of 
hydrochloric acid changed rapidly to one almost identical 
with that of methyl o-hydroxycarbanilat in th same 
solv nt, A 275, 279, 288(infl .), 232 mµ, with a m X 
slight minimum at 277 mµ. The spectrum of an alkaline 
* 
v' (cc14 ) 3050m, 3020m, 2980m, 2940s, 1635s, 1580s, 1460s, 
1430s, 1360m, 1350m, 1330s, 1325s, 1287m, 1248s, 1200s, 
1167s, 1150w, 1102m, 1046s, 1004s, 960s, 932m, 89 4m, 
830s, 695s . 
I 
-
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solution was identical with that of the ethanolic 
solution (cf. ref 120), The mass spectrum strongly 
supported the assigned structure: M~ 149, 100%; 
[ M-15]62%; [M-29]7,2%, m* 96,7; [ M-JO ] l.8%; [ (M-15)-28 ] 
* * 31%, m, 83,7; [ (M-15-28)-28 ] 18%, m 57,J; [ m/ e 51 ] 16%. 
It was reported recently that 1-acylbenzotriazoles 
yield 2-alkylbenzoxazoles on solution pyrolysis. 121 
The formation of alkylcyanocyclopentadienes (Scheme 6) 
was somewhat surprising and deserves a little comment . 
116 
It has been reported that 1-alkoxycarbonylbenzotriazoles 
decarboxylate to give 1- and 2-alkylbenzotriazoles 
(Scheme 7) . If this is also what happens on gas-phase 
pyrolysis, the results may give unexpected support for 
the mechanism of ring contraction set out on p. 82, in 
which ring contraction took place prior to H-migration. 
It is not likely that the intermediate rearranges to 
o-tolylnitrene which should give only o-toluidine and 
dimethylazobenzene (Section 1.1). 
117 !-Substituted benzotriazoles are reported not 
to undergo ring contraction or group migration on 
photolysis, but to give 1,J-biradicals which abstract 
hydrogen from the solvent. 
90 
1. 4 . Pyrolysis of phenylsulphinylamine, ¢ SO . 
Elimination of SO, CO and O. 
121 122 The base peak in the mass spectrum ' of 
phenylsulphinylamine, ¢ SO, is due to the loss of CO 
from the molecular ion. A seven-membered ring structure 
has been proposed for the resulting ion, c
5
H
5
Ns+ , because 
it undergoes further fragmentation by loss of HC (to 
give thiophene), CS (giving pyrrole), a nd s . 122 
I n terest in¢ SO as a source of phenylnitrene was 
aroused by the observation that the second major 
fragmentation is due to los of SO from the mole cular 
ion, giving c 6 H5 +, which is formally pheny lnitrene 
cation. The break-down pattern of this ion, including 
meta-stables, is similar to that of phenylnitrene from 
h 1 
· d d h 1 · t · d · t · 12 4 the p eny az 1 e an p eny 1socyana e, in 1ca 1ng 
s a me structure for the ion in these cases (cf . Section 
1. 5 a nd Figs 4,5). 
Very small pe a ks in the mass spectrum correspond to 
loss of O a nd OH from the molecular ion. 
Pyrolysis of¢ 0 0 at a temperature up to 800 gave 
l arge ly uncha nged starting materi a l plus a n increasing 
yield of aniline (10% at 800°). The condensable gas 
was analysed by mass spectrometry and found - on the 
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basis of sulphur isotope peaks - to consist of CO 
(m/e 28), so2 , and H2S. While the m/e 28 peak is 
doub~ful insofar as it coincides with N
2
, the result 
corresponds to formation of phenylnitrene and sulphur 
monoxide, SO; the former giving aniline, the latter 
decomposing125 to so2 and S . It is possible that some 
aniline a nd sulphur dioxide result from hydro lysis 
although water was rigorously excluded . Under identical 
conditions , phenyl azide gave both aniline and 
azobenzene; the latter has not been found in pyrolysis 
126 of¢ SO, but it was recently reported to be formed 
in the presence of a copper catalyst. 
At 1000° the whole range of fragmentations inferred 
from the mass spectrum took place, as indicated in 
S heme 8 . The products were, as usual, analysed and 
isolated by VPC . 1-Cyanocyclopentadiene (4%) is 
presumably the result of ring contraction in 1 hot 1 
phenylnitrene, Only a trace of ani line was found, 
Benzonitrile (5.1%) and benzene (0.05%) are supposedly 
formed in the same way as from phenyl azide by loss 
* of the fun tional group. 2- and J - Cyanothiophene 
* 
The lack of azobenzene formation here reinforces the 
hypothesis of azido radical loss in azide pyrolysis, 
Scheme 8 
NSO 
0- ON •• ( -SO 6 ~ ,-N: -NSO ~ f5• ~ ,5H + j5CN 
-:/ ~ 
rr-s -2H 0--CN Nu ~ s+ // 6 0 r {- -o CfH~ 
.11 ~ i?. 
T 0 41 -HCN 
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(J% each) were identified by their UV spectra, 127 IR 
spectra (2225 and 22J2 cm- 1 , resp . ) and high resolution 
* mass spectra. These products correspond to loss of 
CO from ¢NSO, followed by loss of 2H. It should be 
noted that the mass spectrum of ¢NSO indicates the 
loss of H (m* ) from (M-CO)+, formally giving protonated 
cyanothiophene. This is analogous to the behaviour of 
methylcyanocyclopentadienes which lose 2H on pyrolysis 
and lH by mass spectrometry, and to l,J,5-trimethylpyrazole 
which loses 2H to yield 4,6-dimethylpyrimidine by 
pyrolysis (Section 2 . 6) and lH by mass spectrometry. 
In view of the previous discussion it is assumed that 
2- and J-cyanothiophene are in thermal equilibrium. 
This is the case with cyanopyrroles also (Section 2.1). 
Thiophene (O . J%) corresponds to loss of CO+ HC as 
in the mass spectrum . It is possible that the thiophenes 
arise by valence isomerization of a ?-membered ring 
(41) which in turn could arise from 42, formed in a 
reaction similar to the conversion of phenyl azide to 
benzotriazole . 42 
* 
Cale. mass: 108.998621, found: 108.998235. 
' 
II 
A conjugated nitrile c6H5 S (vCN 2213 
-1 
cm 
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accurate 
mass 123.013940) was detected in small yield (2%) and 
is believed to be (2)-cyano-thiacyclohexa-2,4-diene, 44 
(calc . mass: 123.014270), which could be formed via 43, 
cf. the formation of benzonitrile from azocine. 104 
Loss of oxygen from¢ SO is understandable when the 
1 1 
. 1 k d 1 h · ct 128 p ·ct· mo ecu e is oo e upon as a sup oxi e . yr1 1ne-
-oxide ana logously loses oxygen both photolytically129 
and thermally (Section 2 . 7). 
Since formation of aniline, but not ring contraction, 
o c curs a t 800° it may be asswned, as in the case of 
phenyl azide, that the nitrene under t hese conditions 
is 'cold' enough to cross over to the triplet state, 
while at 1000° it is 'hot' enough to react 
intramolecularly as the singlet. The difference may 
be purely one of energy, but provided it is true that 
ring c ontraction is a reaction of singlet nitrene, it 
follows that at 1000° sulphur monoxide is formed as a 
singlet. The ground state of this molecule is a triplet. 125 
It is therefore possible that at lower temperature, where 
aniline is formed, both the nitrene and SO are actually 
generated as triplets. 
As has been made clear, gas-phase pyrolysis in a 
flow system is not well suited for determination of 
94 
spin states of intermediates. Photolytic 
investigations of phenylsulphinylamines are now being 
planned in the l aboratory of Prof. G . Kresze, TH Munich. 
1.5. Mass spectra of the nitrene precursors. 
The mass spectra of a number of the nitrene 
precursors are shown in Figures 4-8 and/or tabulated in 
Table 5a. They are all in agreement with the thermal 
processes, giving abundant ions ascribable to 'nitrenes' 
(structure unknown) by loss of 2 , SO, CO, or 2 CO 
(isatin) as the case may be. Figs 4 and 5 show that the 
fragmentation patterns of the nitrenes obtained from 
phenyl azide, phenyl isocyanate, phenylsulphinylamine, 
This and v -triazo lo [ l,5-a ] p yridine are nearly identical. 
holds for the shapes and abundancies of meta-stable 
peaks too, and with good approximation for the isohar·ic 
components of compound peaks which were me asured by 
medium resolution and confirmed by high resolution 
mass spectrometry . They are listed in Table 6 . The 
mass spectra of substituted phenyl azides (Fig. 7-8) 
indicate retention of the original geometry of the 
ni trenes: if ring expansion to an azatropyli dene cation 
took place, meta- and para-substituted phenyl azides 
would be expected to give rather more similar spectra. 
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The effect of p-substituents in stabilizing the 
'nitrene' ions is best seen in the spectra of methoxy-
and methylthio-compounds and is rationalized in Scheme 
9. The cation of p-methylthiophenylnitrene (45) 
evidently has less tendency to undergo fur ther 
fragmentation than has 44. 46 probably aromatizes t o 
46a while 47, when formed, has a tendency to eliminate 
acetylene a nd sulphur. The acetylene elimination 
(48 ~ ~. X = 0 or S) was confirmed by high 
resolution and is given by both the p ara-substituted 
compounds, but only to a minor extent by the meta -
analogues. 
The spectra of the two methylthio-azides are more 
a like below m/e (M-28-15-32) a nd rather identical at 
low voltage where the ma in fragment peaks are due to 
(M-28) and (M-28-15). 
The methoxy-compounds show the same trend as the 
thio-analogues. m-Methoxyphenyl azide shows much larger· 
* energy release (m) in (M-28) and ((M-28)-15) formation. 
The (M-28) ions in both cases lose CH20, and both have 
((M-28~15)-co) accompanied by meta -stable ions. The 
spectra are identical at 12 eV, showing mainly loss of 
2 with energy release (broad meta-stable). 
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Table 5a 
MASS SPECTRA OF NITRENE PRECURSORS AND RELATED MOLECULES . 
In the accompanying Table, the numbers in the headings 
are translated as follows: 
1: phenyl azide 
2: v-triazolo [ l,5-a]pyridine 
J: phenyl isocyanate 
4: benzotriazole 
5: phenylsulphinylamine 
6 : 1-cyanocyclopentadiene 
7: m-fluorophenyl azide 
8: m-tolyl azide 
9: 6 -methyl-v-triazolo [ l,5-a]pyridine 
10: p-tolyl azide 
11: o-tolyl azide 
12: 4-methylbenzotriazole 
lJ: 5-methylbenzotriazole 
14: methyl-1-cyanocyclopentadienes (2- or 4-) 
15: J -methyl-v-triazolo [ l,5-a]pyridine 
16: 2-vinylpyridine 
17: 2, 6 -dimethylphenyl azide 
18: J-phenyl-v-triazolo [ l,5-a]pyridine 
19: 2-azidobiphenyl 
20: carbazole 
21: 6 -m thyl-J-phenyl-v- triazolo [ l,5-a]pyridine 
22 : 2 -methylcarbazole 
All abundancies are in per cent of base peak. The 
abundancies corresponding to the molecular ions are 
underlined. 
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m/o 2 J 6 7 8 9 10 II 12 IJ 14 15 16 17 
44,5 5 5 2 ,, 
45, 5 9, 4 JO 4 
46 9, 7 5 
50 12 8 5 4 5 2 10 28 24 16 29 10 1) 22 14 9 22 51 16 11 6 4 Jl 2 7 JG JJ )9 4J 18 2J )7 24 17 4) 52 lJ lJ 5 1 J 5 8 50 50 45 4 9 16 20 J7 )2 20 JO 
~2. 5 26 J O 
55. 5 2 
56 9 
57 17 
59,5 0, 4 0, 4 2 
6 1 6 
62 19 
6J )7 J'• 8 Jl 14 10 22 22 19 20 19 28 64 77 60 J8 )7 11 46 7 1 J 1) 10 10 15 65 20 J 6 I, JO 7 5 ~J JO 22 2J 42 J4 66 7 12 5 5 15 67 J 5 
76 
77 44 44 40 28 22 J O 4 0 11 6 48 78 7' 65 7 0 75 28 JJ 80 25 15 20 79 11 29 17 66 10 
' 
80 100 67 10 8 0 6J 81 2 1 
82 08 
:2 JO I o 
89 22 
90 8 6 7 1 5 12 91 100 l OfJ 27 60 19 
.!!ill II 8 10 6 1, 2 10 Q1 92 5 2J 
bl 
:g2 20 92 88 61 9) 77 100 88 72 50 54 10, 100 100 100 66 27 2, lQQ 70 lQQ 14 !06 16 1, 17 16 8 ll) 107 10 10 7 7 
109 100 
110 10 
111 19 
118 100 
11 9 &I ~ .!.QQ !ill! 91, 120 15 121 12 122 
12J 
l )J 
.!J2!! .illQ 2l .!.!!.2 lQQ 2l 1J7 M IJ9 ~ 
147 
.!!..! 
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Table Sa continue d 
m/ o 18 19 20 21 22 m/ c 18 19 20 21 22 
,50 4 J 1 J,5 1 llJ J J 2 2 1 
.51 7 6 2 7 2 U4 4 J 2 2 J 
.52 2 2 0 . 5 J 115 5 5 2 J l 116 1.5 1', 5 1 0.5 61 1 l o. 5 J 
62 4 J 1.5 2 l 126 2.5 1 6J 8 6 , 5 J 7 2.5 127 4 2 64 2 2 0,5 J l 128 2 , 5 1 6.5 2 2 o. 5 2 l 
1J9 20 16 7 4,5 69 2 2 2 140 12 11 5 ,, • 5 69 , .5 4 
' 
.5 141 J J l 70 2 2 2 
70 , .5 7 .5 5 151 J J 71 l 1 1 152 11 7 15J 6 J 74 J J 1 2 2 154 J 1 7.5 J J 2 J 2 
76 2 J J 8 5 166 JO 26 l7 12 17 J J 1 11 9 167 100 JOO 100 2 78 2 l 0 • .5 168 15 17 14 
82,5 J 2 J,.5 180 100 60 8J, .5 ll 12 19 181 77 100 182 11 15 86 2 2 1 1 1 
87 J J 1. .5 2 l 195 21 14 88 l J J 2 1 196 ),.5 2 89 4 4 J J 89 ,.5 2,.5 J,5 209 ~ 90 6 l I. 5 
90,.5 ll 14 
91 2.5 2 
98 0 , 5 0.5 
99 0 • .5 0.5 
100 o. 5 0.5 
101 1 0 , 5 
102 2 o . .5 
l OJ 1 0.5 
104 0 . .5 o • .5 
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Table 5b 
12 eV MASS SPECTRA OF PHE YL AZIDES 
[M - 28] ·100 4 Substituent 
=Z [ m* ] ·10 z + log - a a z [M+] [M+] 0 
H 53:: z 12 0.00 0 
o-CH3 63 .5 12 0.08 
m- CH3 62 .5 12 0.072 - 0.069 -0.066 
p-CH3 56 12 0.025 -0.170 -0.311 
o-F 51.5 12 - 0 . 008 
m-F 68 .3 12 0.111 0 .33 7 0.352 
p-F 44.6 12 -0.076 0.062 -0.073 
m-OCH3 58 24 0 .038 
0.115 0.047 
p-OCH3 56 20 0.025 
-0.268 -0.778 
m-SCH3 40 24 - 0.119 
0.15 0.158 
p-SCH3 59 
24 0.046 o.oo -0.604 
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Table 6 
HIGH AND MEDIUM RESOLUTION MA SS SPECTRA OF NITRE E-PRECURSORS 
¢-NJ ¢- co 
a 
m/e ion v-Triazolo- ¢- so Benzotriazole 
[ 1,5-a]pyridine 
50 C4H2 100 100 100 100 
CJHN 10 22 lJ 20 
51 
C4H3 90 78 87 80 
c 3H2 100 86 94 97 52 
C4H4 0 10 6 J 
c 4HN 8 5 12 15 7 6J 
c 5tt3 92 95 
88 85 93 
C4H2 14 10 16 JO lJ 
6 4 
C5H4 86 88 84 70 84 
C4H3 80 60 72 35 88 
65 C4clJH4 17 12 22 8 
C5H5 J 25 6 65 4 
91 C6H5 100 100 100 100 100 
a ) High r solution only. 
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It is not without relevance that p-dinitrenobenzene, 
50 . . d. d b . d. t. 1 · . d 11 b _, is oxi ize y irra ia ion or iqui oxygen, 
apparently to the cation 51, indicating that 48 may 
exist with the structure shown. 
m- and p-Tolyl azide (Fig. 7) show the same trend 
as the methoxy- and methylthio-compounds, but to a 
lesser degree. m-Tolylazide has the higher tendency 
to lose H from (M-28); and 2,6-dimethylphenyl azide 
loses H a nd CHJ from (M-28). 
h ave the structure 5 2, 
The resulting species may 
o-, m-, and p-F luorophenyl azide give almost 
identical spectra, including bro a d meta-stables. 
The 12 eV ma ss spectra of the phenyl azides are 
listed in Table 5b. The relative intensities of 
fragment ions and meta-stable ions are given in 
columns 2 and J. The only daughter ions were (M - 28)+ 
except for m-methoxy- and m-methylthiophenyl azide, 
in which cases the [ M - 28 - 1 ] and [ M - 28 - 15 ] 
abundancies have been added to [M - 28 ] . As can be 
seen, there is hardly any substituent effect on the 
rate of decomposition of the molecular ions. If there 
is any effect, it is one of p-substituents stabilizing 
the positive azide ions, thus leading to lower 
fragment intensities. The only substituent which does 
100 
not conform is the m-methylthio-group. This could be 
because this compound shows an exceptional degree of 
further decomposition, 7% [M - 28 - 1 ] and 11% 
[M - 28 - 15 ] . The intensities of the meta-stable 
peaks (Table Sb) do not suggest that there is a great 
difference between like substituents in different 
positions. These figures are, of course, very 
uncertain, maybe as much as 20%, but there is no 
visible .difference in shapes and abundancies of 
those meta-stables which are given the same values. 
The logarithm of z/z (defined in the Table, cf . 
0 
ref, lJOa) is included in the fourth column, and the 
electrophilic substituent constantslJOb a and a + are 
given in the last two columns, As in the case of the 
thermal decomposition in solution45 , there is no 
correlation with these constants . A plotting gives no 
indication whatever of a pattern. 
While there is no evidence for ring expansion to 
an azatropylidene system in phenylnitrene ions, such 
an expansion must be assumed to be a transient state in 
the 2-pyridylcarbene ions, accounting for the near 
identity of their spectra with those of the 'nitrenes'. 
ot only is the spectrum of the parent triazole (Fig . 4) 
similar to that of phenyl azide; but the 
101 
6-methyltriazolopyridine also gives a spectrum nearly 
identical with that of m-tolyl azid e but clearly 
different from that of p-tolyl azide. J-Phenyl-v-
triazoJo[ l,5-a]pyridine (Fig. 6 ) similarly gives a 
spectrum identical with that of 2-azidobiphenyl . Both 
of these last two spectra are - below ( M-2 8 ) - almost 
identical with that of carbazole. A similar agreement 
between the spectra of the 6 -methyl-J-phenyltriazole and 
2-methylcarbazole exists, in complete analogy to the 
results of pyrolysis. 
Benzotriazole and phenyl azide (Figs 4,5) give almost 
identical spectra at 12-15 eV, but the azide shows 
more nergy release in the (M-28) fragmentation. At 
higher electron voltage phenyl azi de shows - naturally -
the greater tendency to lose 2. The spectra of 4- and 
5-methylbenzotriazole are almost identical and show 
ev n high r tend ncy to lose II from ( M- 28) than do the 
tolyl azide s. These spectra are more lik the azide 
sp ctra at 12 eV, including meta-stables . 
lJOc t has been reported that benzimidazole 
(isoel ctronic with b nzotriazole) on electron impact 
loss HC to give an ion c6H5 
+ which further eliminates 
acetyl ne but not hydrog n cyanide. All ions at m/ e 62-6 5 
contained nitrogen. twas concluded that the most likely 
structure of the 'nitrene' ion was 
Inspection of Table 6 reveals that the 1 ni trene 1 ion 
from benzotriazole, like all others, does lose HC 
predominantly. 
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Comparing phenyl azide with phenyl isocyanate 
(Fig. 4), (M-28) has almost disappeared from the latter 
at 15 eV, whereas it is still present in the azide 
spectrum even at 12 eV, confirming the higher heat of 
formation of¢- from phenyl isocyanate. Benzotriazole 
lies between these two extremes, as is also evident 
from the fact that benzotriazole requires a higher 
pyrolysis temperature than the azide; the isocyanate is 
almost completely stable to pyrolysis (99% at 1000°). 
The mass spectra of azides and cyanocyclopentadienes 
(Fig. 5; Table 5a) are not identical though they show 
similarities. The mass spectra of 2- and 
4-m thylcyanocyclopentadiene are identical (in 
agr ment with the th rmal equilibration) and since 
th tolyl azid s do not give identical spectra, ring 
contraction of the nitren ions does nots em likely . 
Them thylbenzotriazole spectra are also quite distinct 
from those of the cyanocyclopentadienes. The 
cyclopentadienes were, how ver, run on the MS 10C2 
0 instrum nt with metal inlet system at 150, and this 
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makes comparison difficult: the m/e 78 pe ak in the 
mass spectra of methyl cyanocyclopentadienes (Table Sa) 
increased markedly in the course of time, presumably 
due to thermal catalytic formation of benzene. 
The conclusions derived from this section are 
that the azides appear to retain their aromatic structure. 
Whether 'aromatics ' in the mass spectrometer actually 
undergo ring opening is another question. 94 The 
v-triazolo[l,5-a ] pyridines, on the other hand, appear 
to undergo electron impact reactions completely 
analogous to their thermal reactions. It is 
interesting to note that currentirends in structure 
determination are based to some extent on a computer 
recognition of mass spectral patterns. The results 
given above suggest that some rather disastrous errors 
could arise by this method. 
Finally, it is of some interest to note that high 
resolution mass me asurement showed that m-tolyl 
azide-J-N15 lost a ll the label in electron-impact 
elimination of nitrogen. It has been calculated that 
electronically excited azide is bent,
6Jb and it has 
been shown that photo-decomposition of potassium azide 
. 1 1 · . d . 79b invo ves a eye ic azi e ion. (Contrast to the 
thermal decomposition79 a .) Si nce it is quit likely 
that excited states may be involved in mass 
lJ0d 
spectrometry, a reaction of the following type , 
which would result in N15-scrambli ng, would not be 
unexpected. 
- e 
~ 
+ 
0 - -  
The measurement showed that it did not 
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occur, but this, of course, does not provide evidenc e 
against excited-state reactions. However, it 
contrasts the photo chemi cal rearrangemen t of phenyl 
azide to benzotriazole42 and the electron-impact 
cyclization of phenylsulphinyl amine 122 , 123. Presumably, 
the reason is that the nitrogen elimination has so low an 
activation energy that it competes favourably with 
other types of reaction. 
All spe c tra, except those of cyanocyclopentadienes , 
w re me asured with the MS 902 instrument using heated 
all-glass inlet at 50° for the azides and 50-110° for 
the other compounds. Identical spectra were obtained 
when direct inlet was used. When the azides wee un 
on the MS 10C2 instrument with metal inlet system at 
room temper ture, much larger than usual 'nitrene' 
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peaks resulted. This is due to thermal nitrene 
formation, for (M-28+2) peaks ascribed to anilines 
increased in the course of time, and the azide could 
finally be pumped away, leaving behind a spectrum of 
the appropriate aniline . (The big 'nitrene' peaks 
might also have been due to electron impact fragmentati o n 
of azobenzene; but no other peaks due to azobenzene 
were observed . ) 
1.6. Identification of Cyanocyclopentadienes . 
Cyanocyclopentadiene (CCPD). 
The 100 Mc NMR spectrum of cyanocyclopentadiene 
nd the results of spin decoupling ar shown in Fig.9 . 
The protons and their signals are called A, B,C and 
x 2 in ord r of increasing magnetic field . The 
int gr ted ratios ar, A: l; B/C: 2; x 2 : 2 protons. 
Th position of x 2 indicat s that it is due to the 
lJl 
m thylen group . 
Pak A is quintet, du to coupling with both B,C , 
and x 2 ; J = 1.5 cps . Irradiation
 of x 2 reduces it to 
tripl t (J = 1.5), although two w ak r lin s which 
my belong to noth r tripl t with ca 1 cps low r 
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shift remain. The origin of these is not clear ; 
they may be due to another isomer (vide infra); but 
regardless of them: 
Peak A also collapses to a triplet when B, C are 
irradiated; but a ccurate measurement is diffi c ult 
because of the proximity of the signa ls. 
Peak x 2 is an unsymmetrical quintet which c oll a pses 
to a n unsymmetric a l triplet when A is irradiated, 
When B, C a re irradiated, x2 becomes a doublet, 
JAX= 1 . 5 cps . (Again another doublet belonging to 
another coupling system a ppears; relative intensity 
of the two systems is 2:1 - 4:1) . 
Peaks B, C should, if they are due to the protons 
in positions J and 4, be two doublets sloping towards 
each other because of coupling between Band C only. 
This is confirmed in trifluoroacetic acid (TFA) where 
th chemical shifts are separated (JBC ~ 6 cps) and 
ach doubl t (with additiona l fine-structure) integra tes 
The third line of th triplet would be hidden under 
th main triplet. 
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as one proton. In carbon tetrachloride the signals 
are so close that the coupling system becomes 
unintelligible. Irradiation of x 2 reduces it 
seemingly to two sets of two doublets, because of 
coupling with A; JBC; 5.7 cps. JAB = JAC = 1.5 cps. 
Also in this case, additional lines remain unaccounted 
for. 
c):i 
These results are consi tent with both structure 
SJ and 54. The chemical shifts are, however , strongly 
in favour of SJ. 54 has the A,B protons under 
approximately the same electronegative and diamagneti c 
influence of the C group (vide infra), a nd it would be 
expected to have two protons (A and B) at low field 
and one at higher field (c). This situation is 
borne out in the NMR spectra of 2- and J-cyanopyrrole 
(Table 12): in 2-cyanopyrrole, H(J) is shifted 
strongly downfield (-0.6l r from the position in pyrrole) , 
but H(4) and H(5) remain largely unchanged (+0 .04 and 
-0.15r respectively). . lJl 1J2 In cyclopentadiene ' the 
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corresponding protons absorb at 3.32, 3.32 and 3.47T. 
Applying the 2 cyanopyrrole increments to cyclopentadiene 
gives for 1-cyanocyclopenta diene (53): 
H( 2) 2. 71 
2.73 
H(3) 3.36 
3.36 
H(4) 3.32T 
3. 34T 
calc. 
found . 
In 3-cya nopyrrole, H(2) is shifted 0.64T downfield , 
H(4) 0.23T, and H(5) 0.12T. Applying these values 
gives for 2-cyanocyclop entadiene (54): 
H(l) 2.83 H( 3) 3. 09 H(4) 3.35 T 
where only H(4) is in agreement with observation. 
Furthermore, in 1,4- dicyanocyclopentadiene, where 
both olefinic protons are 'A' protons, they resonate 
a t 2.75T. The coupling constant with the methylene 
group is 1 . 6 cps . The same ( - 1.5 cps) was found for 
th A proton in CCPD. 
Further confirmation that the methylene group is 
next to th C group is derived from the downfield 
shift of 0.38 ppm relative to cyclopentadiene (7.0 T). 
Accord·ng to Jackman133 th C group has a deshielding 
ff ct of o.42 ppm in op n-chain compounds. However , 
in the cyanoind nes (vid infra), the 2- and 3-isomers 
h V t 6.48 and 6.50T r spectively, corresponding 
to deshi lding of 0.53 and 0 . 51 ppm, resp . - too 
littl a differenc top rmit distin tion. 
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It is ne cessary to co nsider also the diamagnetic 
anisotropy effect134 of the cyano-group. The effects 
on a ll ring protons and on methyl substituents are 
* given in Table 7 and were calculated according to 
the formula135 
1 ( 2 J 6w = 36x Jcos a- 1) /R 
where 6w is the diamagnetic anisotropy correction, 
-6 J 6X = -16.5 x 10 cm /mole, a is the angle between the 
C-C axis and the line connecting the proton in 
question with the centre of the C -bond, and R is the 
length of that line . Using a in degrees and R in 
jngstroms gives the corrections for 60 and 100 Mc 
spectra: 
and 
6w (60Mc) = -5.48 102 (Jcos 2a-1)/R3 cps 
6w (100Mc) = -9.14 x 102 (Jcos2a-1)/RJ cps 
6 6 = l0- 2 6w( 1 00Mc) ppm. 
Addition of 6 6 to the experimental T-value gives the 
cor ected T-value . 
1J6 
a and R were calculated using crystallographic 
a nd mi rowave137 data for cyclopentadiene, averaged to 
give a symm trical molecule. Other bond lengths used 
* 
Mr J . Burnett is warmly thanked for programming the 
computer. 
C-CN 1. 426 
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H 1. 08 2 138 , 
21J4, C= 
) c-H 1.09 R, c- ctt3 1.543 2 , 
o1J4 1.164 A j angles: L. c5c1 (C ) = 
0 125.J , 
[H5c 5 H5 = 116.2°. With these values, the c entre of 
the circle in which the protons of a methyl group move 
is 1,906 2 removed from the ring, and this was used as 
the average position of CH3-protons
. 
The anisotropy effects so obtained are listed with 
regard to 1-CCPD (5J), but as they depend only on 
geometry, they apply equally well - with a ppropriate 
r -nwnbering - to 2-CCPD (54) except for the me thylene 
group. 
It will be seen that the shield i ng of an a -proton 
(with regard to C- C ) is~ +0 .2 ppm; a nd ca +0.1 ppm 
for a S- or y-proton. The shielding of H(5) in 
1-CCPD is +0,2J ppm. Shie lding of protons in methyl 
substituents can b neglected. 
It is clear that the r lative positions of the ' A ' 
and the 1 B/C 1 protons in CC PD re unaltered : A is s ti ll 
the low-fi ld proton under the strongest ele tronegati e 
in luence. The shifts for cyc lopentadiene (CPD) , 
whi c h indi ates that the CH2-protons of 54 may be 
garded as S-protons, ~o--0.1 ppm. 
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Table 7 
DIAMAG ETIC ANI SOTROPY CORRECTIO NMR SPECTRA OF 
Es . a 
Group Angl e a Distance R - 6w( l00Mc) - 6:1) ( 60Mc) 
d egrees 0 Angstrom cps cps 
H( 2) 41.056 3.218 1 9 .358 ll. 606 
H(3) 15.177 5.221 11.524 6 . 909 
H(4 ) 13. 210 5.336 ll.089 6 . 649 
H(5 ) 36 ,15 2 3.379 22.646 13.578 
CH3 (2) 53,343 3. 606 l.349 0.809 
CH3 (3) 18.339 5. 987 7 . 253 4.349 
CH3 (4) 15. 687 6 .119 7.104 4.25 9 
CH3 (5 ) 46 .159 3.771 7.487 4.489 
a ) Corrections are not a ccurat e to mor e than one 
d ecima1 . 134 • 135 
- 6 6 
ppm 
0 .194 
0.115 
0 .111 
0 . 226 
0 . 01 
0.07 
0 . 07 
0 .07 
112 
corrected shifts for 1-CCPD, and the magnitude of the 
downfield electronegative effect of the CN-group in 
ppm are now : 
H(2) H(J) H(4) H(5) 
T J.J2 J.J2 J.47 7.08 CPD 
T 2.53 J.26 J.24 6.47 1-CCPD corr, 
ppm 
-0 . 79 -0.06 -0.2J -0.61 electronegative 
effect . 
It is understandable 1J4 that the electronegative 
effect on the a.-protons H(2) and H(5) should be large, 
and the effect of H(4) larger than on H(J) because of 
conjugation. If the structure of the compound were 54 
(2- CCPD), the v a lues would be: 
H(l) H(J) H(4) H(5) 
T 2.53 J.14 J.26 (6.60) 2-CCPD corr . 
ppm 
-0 .94 -0 .18 -0 .21 ( -0.48 ) e lee tronega ti ve 
effect. 
In this case it is unre asonable that the effect on the 
a.-proton H(J) should be small when the effect on the 
S-CH2-group is still l arge . 
Further evidence for the 1-cyano-isomer is found in 
the IR and UV spectra. The high intensity and low 
f equency of the C band in the IR spectrum (2215 c m- 1 ) 
indicates full conjugation. For instance, 
trans - 2- methyl -2,4- pentadienonitri l e has v C 2215 
11 3 
-1 
cm 
Tabl e 8 l ists a n umber of re l evant IR and UV spectra. 
Tabl e 8 
Amax (so l vent), 10- 3 € VC ( cc 14) 
CCPD 268 (H2 o) 8 . 000 2215.2 
266 (Et0H) 8 . 260 
264 (C6Hl2) 7 . 600 
CCPDa 266 (Et0H) 6 . 450 
CCPDC 268 (H20) 2 . 460 
sorbonitri l ea 25 1 (C6Hl 2) 27 .100 2214 
methyl sorbatea 258 (Et0H) 24 . 500 
2 - Me - 2,4- penta- 245 (C6Hl 2) cis 2218 di nonitri l e 27 . 000 trans 2215 
- methy l esterd 253 (Et0H) 24 . 300 
2- cyanopyrrol e 247 (Et0H) 1 2 . 200 2229 
3- cyanopyrrol e 2 1 6 (Et0H) 7 . 440 2239 
2 - cyanoindene See Tabl 17 2215 
cyclopentadi n b 238 (Et0H) 2 . 300 
- 1-COOHb 274 
- 1-COOMea,b 269 (C6Hl 2) 6 . 000 
27 4 (Et0H) 5 .100 
1 ,3- pentadi neb 223 ( t0H) 23 . 000 
cyclohexa-1 ,3- dien b 256 8.000 
-1 
cm 
a ) ref . 1 39a, b) ref. 1 J9 b , c) ref. 114, d ) ref. 1 40 . 
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A discussion of the differences - real or expected -
in the UV spectra of 1- and 2-substituted 
cyc lopentadienes has been given by Peters . 1 39 A 
bathochromic shift of 27-38 mµ was found to be usual 
when a carboxyl-function was attached to the !-position 
of a dienyl-system, whereas 5-10 mµ was expected for the 
2-position on theoretical and experimental grounds . It 
is clear that CCPD falls in the first class as was 
also concluded by Peters. 139a 
Th re is considerabl pectroscopic and chemical 
evidence139 • 141 - 43 that cyclopentadienes with 
unsaturated substituents do in fact exist mainly as the 
fully conjugated 1-isomers as a consideration of the 
n-energy would also suggest, although dimerisation139 
indicates partial rearrangement to 2-substituted 
isomers. These may at all times be present in low 
oncentr tion but be the more reactive dienes in 
Diels-Alder addition. The dienophile remains 
l-substitutect. 139 • 142 
M. t 1 143 k. th 1 d ironov !::..._,_§!_ , wor ing on me y - an 
deut rocyclopentadienes found that the ra e of 
st blishing the equilibrium ~automerization) was 
faster th n addition to low-activity di nophl.le 
(M PD), but slower th n addition to a high-activity 
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one (maleic anhydride). 139 Peters reported that CCPD 
and maleic anhydride gave a 'complex mixture'. CCPD 
resembles the methyl ester in that it dimerises in 
two ways; and only the major dimer can be dedimerised 
to the origina l nitrile. 139 This was also found to be 
a property of the CCPD discussed in this thesis. It 
appears 139 that the minor dimer arises from two 
molecules of 1-cyanocyclopentadiene. 
It may seem that undue attention has been devoted 
to these points, but it was quite necessary , as the 
correctness of the structures of many pyrolysis 
products rests upon the above conclusions; and also 
114 because Webster reported that protonation of 
potassium cyanocyclopentadienide with TFA resulted in 
a compound which possessed an NMR spectrum which was 
claimed to agree best with a calculated spectrum of 
2-cyanocyclopentadiene. o detai ls as to how the 
calculation was done were given. It was concluded 
that 2-CCPD was formed faster than 1 -CCPD, and that the 
reaction wa s under kinetic control. The CCPD under 
discussion here h a d in TFA the same NMR spectrum as 
report d by Webster, a lthough the splittings were 
114 
rather more complicated than reported. T he sample 
h a d also the same UV spectrum although, as can be seen 
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in Table 8, it had higher extinction coefficient than 
reported by either Webster or Peters. Apparently, and 
not surprisingly, these authors' samples contained 
appreciable amounts of dimer. The present author has 
no doubt that his own values can be improved. They 
were determined on freshly distilled samples which 
0 formed fine white needles melting at -45 to -42, and 
are average values . The UV spectrum in sodium 
114 hydroxide was identical with that reported by Webster 
for the potassium salt (A 265 mµ , £26,000; Webster: 
max 
264 mµ (26,J00)) . 
In order to check Webster's hypothesis, CCPD was 
converted to the sodium salt and acidified with TFA 
at -50°, and the product isolated below o0 • The IR 
and UV spectra were identical with those of the 
starting material, so that identity between Webster's 
compound and that reported here seems to be beyond 
doubt. 
5-Deuterocyanocyclopentadiene (5-D-CCPD) was 
prepared in the same way by acidification with 
deuterosulphuric acid . The 100 Mc NMR spectrum (c 14 ) 
show d three bands, A, B/C, and x 2 in the usual 
* 
all with extrem ly complex fine-structure . 
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positions, but their ratio was 0.82:2 . 04:1.14 rather 
than the expected 1:2:1. 
These ratios are extremely interesting bec ause they 
may offer some evidence in support of the 
cyanocyclopentadiene structure. Firstly, it must be 
pointed out that, although both RothlJl a nd Mironov 
143 
et. al . have demonstrated that H-shifts in simple 
cyclopentadienes and indenes are intramolecular 1,5-shifts, 
this needs not be the case for cyanocyclopentadienes. 
These evidently exchange Dor H with water in a 
metal-inlet system of a mass spectrometer, whereas 
simple cyclopentadienes and indenes do not. This 
effect mus t be assumed to be due to complex formation 
between the CN-compound and the metal surface. 
~: 
D 
That intramolecul re change is in fact involved is 
indicated by the f ct that 2-cyanoindene (55) 
incorporates 2D relativ ly fast, but JD very slowly. 
As shown, h third D would have to enter after 
isomerization to an unconjugated cyanoisoindene (cf. 
D 
ref. lJl) . By contrast, J-cyanoindene (56) 
exchanges JD with the metal surface much faster. 
CN C 
o:S 
ft 
a}: 
D 
2D 
Although this would also involve an isoindene, at 
least the C -group remains conjugated. 
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The exact opposite is observed in base-catalyzed 
deuteration . Here 55 incorporates, naturally, JD 
* faster than does 56 . The anion of 56 would have to 
incorporate the third D by way of an isoindene. 
Returning to the NMR ratios in 5-D- CCPD, it is 
obvious that tautomerization in a 2-cyanocyclopentadiene 
* 
A mi ture of 2- and J-cyanoindene was shaken with 
D20/eth r/EtJ at room temperature for 18 hrs, the 
products s parated by VPC on a D20-treated Carbowax 
column and e a mined by mass sp ctrometry. It was checked 
that no back-exchange occurred on the column. 
(57) would have to produce 1-cyanocyclopentadienes, 
quod ~ demonstrandum , 
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Assuming that 1- and 2-CCPD have identical NMR spectra 
(however unlikely this might seem) so that a mixture 
would not easily be detected, such a tautomerization 
would change the A:BC:X2 ratio from 1:2:1 towards 
1.0:1.5:1.5, which is in the wrong direction. 
If a 1- cyanocyclopentadiene (58) is formed 
initially, subsequent tautomerization will change the 
ratio towards 
2 y-CN ~ 1 n-0-c [ C\D ] 
D D 
0.5 :2. 0 :1.5, since a structure such as 59 is not 
likely to be involved (vide supra). This then is a 
fall of A, constancy of BC, and rise of x2 intensity, 
as w s observed. 
Sine the scrambling process is not complete, 
howev r, and since the integr ted ratios did not 
change in 12 hrs at 20-J4°, the partial scrambling must 
hav occurr d during isolation. 
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Cyanocyclopentadiene satisfies the Hughes-Ingold 
rule 144 in that the most unstable isomer (59) is also 
(presumably) the strongest aci d, a nd it should 
therefore be formed the fastest in protonation of 
the anion . Since the 1-cyano-isomer must be the 
thermodynamically most stable, the following 
rearrangement should take pl ace: 
9 D+ DQ HR ~
C 
59 58 
ow, 58 is a stronger .dll4 ac1. than cyclopentadiene, 
and this could me a n that a migrating proton becomes 
rather more detached than in the case of simple 
cyclopentadienes: 
H ..... D-y 
The proton should, however, remain in the vicinity of 
the electron-rich C- C centre. This ion-pair would 
allow for a more 'direct' exchange between x2 and A 
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protons . Migration of a deuteron would, of course, 
only give the starting material . A similar mechanism 
would explain why 2-cyanoindene after all does 
exchange three protons with the D20-metal surface, 
although slowly . 
In any case, the evidence does not support 
formation of 2- cyanocyclopentadiene (54), and it is 
concluded that Webster ' s and the present author's 
samples are mainly 1-cyanocyclopentadiene. If the 
additional lines which were found in the NMR spectrum 
on spin decoupling are due to the 2-cyano-isomer, then 
the two isomers have almost identical spectra . 114 Webster 
mentioned that a s mall shoulder was present on the 
high-frequency side of the x 2-peak, and ascribed it to 
'the other isomer' . It is , however, due to the dimer 
and increases in t he course of time . CCPD dimerises 
a lmost completely in 24 hrs in carbon tetrachloride 
0 
at 25 • As mentioned, the deuterated sample showed no 
change in integrated ratios in 12 hrs, but it 
dimerised to an extent of more than 50% . 
Infrared spectra . 
The IR spectra of CCPD and 5-D-CCPD in carbon 
tetrachloride are listed below . The changes on 
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deuteration are consistent with the difference between 
cyclopentadiene and 5 - D-cyclopentadiene143 • 14 5. 
shoulder near 1485 cm-l (v (C=C)) in 5- D-C CPD indicates 143 
s 
some rearrangement to 2 - D-C CPD in agreement with the 
NMR spectrum . 
1-Cyanocyclopentadiene {cm- 1 ) 
J070m, 2980m, 2940m, 2900w, 2215vs, 1620s {variable; 
solvent interfering) 1500s (J shoulders on high 
frequency side), 1J70s, 1J60s, 1290w, 1170s, 1120m, 
1005s, 960s, 902s, 8JOs, 692s. 
( -1 5-D-1-Cyanocyclopentadiene cm ) 
J080m, 2980m, 2940m, 2900m, 2215vs, 1620-1600, 1498s 
(shoulders at 1510 and 1485), 1J70s, 1J60s, 1J50m, 12JOs, 
1165s, 1155s, 1080m, 1020s, 1005m, 990m, 955s, 900s, 
840s, 670s . 
The absence of strong absorption at 2800-JOOO -1 . cm in 
the spectra indicates lack of dimer in the samples . 
M thylcyanocyclopentadienes . 
The NMR spectra of methylcyanocyclopentadienes 
are shown in Fig . 10 . Granting that the above 
discussion led to the correct conclusion, the structures 
assigned to compounds lJ and 14 are self-evident . It 
will be seen that methyl groups to some extent 
counterbalance the electronegative effect of the CN 
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group, shifting the positions upfield. lJ evidently 
exists as two tautomers of which the major one is 
presumed to be the hy perconjugated l-cyano-4-
methylcyclopentadiene. Both methyl signals are 
doublets ( a pparent l y with additional fine-structure) , 
presumably due to coupling with the vinylic proton 
attached to the same double bond; Jallyl= l.5 cps. A 
. 14 6a similar coupling is observed in methylthiophenes and 
. 146b 
methylcyclopentadienes . The peaks l abe lled 
i (impurity) are due to incomplete separation from 
the other isomer, shown in F ig. lO(b), and likewise an 
impurity du to lJ is present in the spectrum of 1 4 . 
This is because the two isomers elute shortly after 
each other by g as chromatography, and both give very 
broad and badly tailing peaks due to dimerisation and 
dedimerisation in the column and inj ection port. The 
spectra have been recorded ma ny times on different 
samples, a nd the impurities have been reduced to 
imp rcep ibility. The spectra shown a re CAT spectra of 
products from tolyl azid s. 
I n 2-methyl-1-cyanocyclopentadiene (14), the 
methyl-signal is primarily a triplet, J= 2 cps, which 
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could be due to coupling with H(J) and H(4), similar 
. 146a to the situation in methylthiophenes; but it is as 
likely that it is a homoallyllic coupling with the 
CH2 -group. A coupling of that magnitude (1 . 8 cps) 
was found in l,2,J- trimethylcyclopentadiene. 146b The 
complexity of the x2-band also suggests that these 
protons are coupled both with the methyl group and 
1 46b 
with H( J, 4) • 
Cyanoindenes. 
60 61 
IC~ 
B,B  
62 
Fig . 11 shows the 100 Mc NMR spectrum of 2-cyanoindene 
(60) at a sweep width of 500 cps (sweep time 250 sec). 
The methylene signal (x2 ) is also shown at 250 and 100 
cps . The low-field triplet at 2.57T is due to HA and 
is reduced to a singlet by decoupling of x2 • Likewise, 
the x2 doublet is reduced to a singlet by decoupling 
of HA (JAX :c 2 cps). Integrated ratio of aromatic 
protons+ HA:X 2 = 5·2. 
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Fig. 12 shows J-cyanoindene (61) at sweep width 
1000 (base), 500 and 250 cps . The HA proton is clearly 
visible as a triplet on the high-field side of the 
aromatic protons, at r2 . 91. Again, decoupling 
147a 
confirmed JAX c 2 cps. It is known that the 
coupling constants between the methylene group and the 
two vinylic protons in indene are numerically identical 
and of opposite sign. A distinction between 2- and 
J-cyanoindene would not have been possible on the 
basis of NMR spectra alone, but the IR spectra (Tables 
8 and 17) show conclusively that one is fully conjugated, 
the other cross-conjugated; and furthermore, J-cyanoindene 
prepared independently by Grignard's method. 115 was 
4(7)-Cyanoindene (62) and 5(6)-cyanoindene (6J) 
' -
form two tautomeric pairs, each eluting as one 
fraction by VPC . It was therefore necessary to 
elucidate the structures on the basis of NMR spectra 
of mixtures. As it turned out, these four indenes 
were formed in equal yie lds from naphthotriazole 
pyrolysis, so each mixture was a 1 :1 mixture. The 
C -groups in both mixtures absorb in the aromatic 
-1 
nitrile region, near 2231 c m • Both have UV spectra 
similar to indene, and identical mass spectra . They 
do not exch nge with n2 o in the heated metal inlet 
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system of the mass spectrometer (difference from 2-
and J-cyanoindene) which indicates that the C -groups 
are all located on the aromatic rings (Table 17) . 
In Fig. lJ(a) the protons of 7-cyanoindene are 
labelled . A,B, and x 2 in the usual way. The protons in 
4-cyanoindene are dashed . At a sweep width of 250 cps 
(Fig . lJ(b)), x2 can be seen to be a triple t, but x; is 
a triplet with each peak split into doublets . This is 
thought to be due to coupling with H7 (0verhauser 
effect; cf . ref . 1¼7b). In 7-cyanoindene where the 
C -group is occupying the 7-position it causes the x 2-
signal to come at lower field than x; . At a sweep time 
of 100 sec the x 2-triplet can, however, be seen to be 
extremely weakly spilt, probably due to coupling with 
H 147b 4 · 
The complex bands at 2 . 9-J . 6T are due to A:B' and 
A,B (in that order) . I n Fig . lJ(c) the lines 
labelled 1-4 constitute two double ts slanted towards 
each other; eac h peak being split into triplets due to 
coup ling of HA and~ with x 2 and with each other . 
lines l'-4' constitute an a nalogous set for 
4-cyanoind ne . Decoupling of x2 reduces lines 1-4 
The 
to two sloping doublets; and decoupling of ; reduces 
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l'-4' similarly, but each peak remains finely split, 
. d t 1· 't ,147b again ue o coup 1ng w1 h ~-
With this interpretation the shifts and coupling 
constants are for 
4(7)-Cyanoindene 
7-C A J .1 6 B J . J8 x2 6 . 48 T; JAB= 5 - 5; I JAX I = I JBX I 
= 2 . 0 cps. 
4-C A' 2.97 B'J . 28 x' 2 6 . 58 T; J A' B 1 = 5 . 5; 
IJA'x ' I = IJ B, X, I = 2 . 0 cps . 
13A' 8?1 = IJx,H; I - 1 cps. 
The spectrum of 5(6)-cyanoindene (63) (Fig. 14) 
apparently exhibits an impurity (i) and the integrated 
ratios are not exactly what they should be. As can 
be seen the two compounds of which the sample is 
believed to consist had the x 2-signals at almost the 
sam shift, separated by only 1 cycle . With a sweep 
width of 500 cps (shown) they can just be recognised as 
two peak. At 100 cps they are recognizab le as two 
overlapping triplets. The vinyric proton pattern has 
not be n elucidated, but deuteration with alkaline 
deuterium oxide gave mainly a trideuterated product 
(according to the mass spectrum) which in the NMR 
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spectrum displayed two near-singlets at J.J6 and J.44T 
(presumably H(2)-protons), disappearance of x2 , and no 
chang in the aromatic pattern ( Fig. 14b) . 
In distinguishing 62 and 6J it is taken as sufficient 
evidence that the two tautomers of 6J are more alike 
than those of 62. IR, UV, and mass spectra coupled with 
deuteration studies (Table 17, Experimental) are 
consistent with the conclusion that 60-6J are indenes, 
and no alternative interpretation has been found 
possible. 
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Chapter 2 
REACTIONS OF HETARYL ITRENES AND RELATED SPECIES . 
2 .1. Ring Contraction in Heterocyclic itrenes. 
607 8 
5 N 
4 I I 
N-N 
J 2 
[1,5-a] 
Reprint from Chemical Communications 1968 1 1082. 
8 1 
7(Y I 2 
6 '-,.,,/ 4 -J 
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2 
[1,5-a] 
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(Chemistry Department, Australian National University, Canberra, A.C.T . 2600, Australia) 
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Rin~ Contraction in Heterocyclic Nitrenes 
By W . D. CRow• and C. WENTRUP 
(Chemistry Department, Australian National University , Canberra, A .C.T . 2600, Australia) 
PHii-NYL azides1,2 and triazoloarenes3 eliminate 
molecular nitrogen on gas-phase pyrolysis to give 
aryl nitrenes and 1,3-biradicals respectively, which 
subsequently undergo ring contraction to give 
cyclopentadienecarbonitriles. Extension of these 
reactions into the heterocyclic field has established 
the generality of the react ion, and shed further 
light on the mechanism operating in the case of the 
triazoles. 
Triazolo[4,6-b)pyridine and triazolo [4,5-c)pyri-
d ine are pyrolysed quantitatively at 500° to give 
6-[S?M']-f;F 
(I ) (Ill) 
( II) 
NC OMe N 
H 
(lVl 
(V) 
pyrrole-2- and -3-carboni trile respectively. As 
with the carbocyclic analogues, these products 
interconvert at elevated temperatures. The third 
isomer in this series, tetrazolo[l ,5-a)pyridine gives 
pyrrole-2-carbonitrile via the unstable pyrrole-1 -
carbonitrile. Thus, the 7- and 8-methyl derivatives, 
which give rise to the intermediate 1,3-biradicals 
(I) and (II ) break down, as shown, to give the 
products (111)- (V) which are stable under the 
reaction conditions. Other products formed are 2-
aminopyridine (yield decreased by higher tem-
perature) and glutacononitrile (yield increased by 
higher temperature) , the former arises from H· 
capture '\nd the latter from ring cleavage. The 
nitrene formed from 4-azidopyridine behaves 
exactly as phenyl azide,1, 2 to give 4,4'-azopyridtne 
or a mixture of pyrrole-2- and -3-carbonitrile, 
pyridine, ana pyridine-4-carbonitrile. 
In the pyrimidine series similar reactions are 
encountered . Tetrazolo [ I , 5-a J pyrimidines give 
pyrazole- 1-carbonitriles and 2-aminopyrimidmes 
via the azido-form (the stable form of the tetrazolo-
[1,5-a)pyrimidines at higher temperaturet). Tetra· 
zolo [ l ,5-c)pyrimidines give a quantitative yield of 
imidazole-1-carbonitriles, and it is presumed that 
this is a concerted reaction, since some of the 
The azide band in the i.r . spectrum shows a marked increase in intensity even with small (10°) increases in tem· perature. 
4-azidopyrim 
via the nitre 
does not pr 
methoxyp · 
methoxyimid 
methyl-2-met 
is easier an 
imidazole- 1-c 
yield is obtai 
chromatograp 
That a ll th 
give rise to N 
ring contracti 
bicycl ic inte 
Such a transi 
greatly stabili 
overlap with 
require colla 
Similarly: wit 
always appe 
the other radi 
seems logical 
1 W. D. Crow 
•w. D. Crow 
•w. D. Crow 
• W. D. Crow 
,!y, As 
roducts 
e third 
4-azidopyrimidines are stable, and give lower yields, 
via the nitrene. The presence of methoxy-groups 
doe not prevent reaction and 4-azido-2,6-di-
methoxypyrimidine gives a 12% yield of 2,4-di-
methoxyimidazole- l -carbonitrile. With 4-azido-6-
methyl-2-methylthiopyrimidine (VI) the reaction 
is easier and 88% of 4-methyl-2-methylthio-
1midazole-I-carbomtrile (VII) is obtained; a 75% 
yield is obtained merely on injection onto a gas 
chromatography block at 200°. 
That all the nitrenes and biradicals in this series 
give rise to N-cyano-compounds is consistent with 
nng contraction of the singlet nitrene through the 
bicyclic intermediate postulated previou ly. 2,3 
Such a transition state arising from (VI) would be 
greatly stabilised by the sulphur atom, and orbital 
overlap with the bridgehead nitrogen would 
require collapse to (VII) rather than (VIII). 
Similarly: with the benzotriazoles, the cyano-group 
always appears on the carbon atom which carried 
the other radical site (i .e. the 3a-position), and it 
seems logical to assume that this is for similar 
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reasons. The extension of this concept to the 
formation of pyrrole-1 -carbonitriles from (I) 
follows . 
~ , ;:, 
Mc(")Ni - Mer')": M ~ 
N N N , - H I· ~ ~ . 
SMe SMc y x> 
(VI ) / "SM c 
If M,rtc. 
~ 
SMe 
fYllll 
Met=\, 
V ' rn 
SMc 
(VII ) 
Product analysis was by g.I.c. and identification 
was by spectroscopic comparison with samples 
prepared by altema tive routes. The pyrolysis 
technique has been described previously.' ·' 
(Received, June 27th, 1968; Com. 856.) 
1 W . D. Crow and C. Wentrup, Tetrahedron Letters, 1967, 4379. 
• W . D. Crow and C. Wentrup, Tetrahedron Letters, 1968 to be published. 
1 W . D. Crow and C. Wentrup, Chem. Comm., 1968, 1026. 
'W. D. Crow and R. K. Solly, Austral. ]. Chem., 1966, 2119. 
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2.2. Nitrogen scrambling in 2-pyridylnitrene. 
The first suspicion that a ring expansion of the 
type discussed (Section 1.2) with regard to 
2-pyridylcarbene could also be operating in the 
nitrenes arose on examination of the glutacononitriles 
formed as by-products. Direct cleavage of the ring 
system in the nitrenes to give a normal glutacononitrile 
(e .g. 64 ~ 69; Scheme 10) can readily be 
envisaged as a minor pathway, but in addition to this 
there was obtained an 'abnormal' isomer (cf. 64 ~ 68) 
- -
in which apparent methyl migration had occurred. 
6- and 5-Methyltetrazolo [ l , 5-a]pyridine (64 and 
65, Scheme 10) were pyrolysed simply in order to check 
the reaction mechanism given above (Section 2.1); but 
it was found that both gave abnormal glutacononitriles 
(68 and .§2, resp.); in fact, 65 cannot give a 'normal' 
glutacononitrile and only the abnormal one was formed, 
in low yield . Since 8- me thyltetrazolopyridine (66) 
gave only the normal glutacononitrile - and this has 
been checked and re-checked - there is no basis for an 
assumption of methyl-group m~gration. The compounds 
are also perfectly stable under the reaction conditions. 
The findings become perfectly understandable if nitrene-
Scheme 10 
g~ ~ -t'!7 ~ YI CN CN CN CN 
~~ ~ 
--(] 
N __-{. 
~~ 
B. ;, A ~ ~ CN CN 
68 
22 ~ ON~ CN-
~N - N ). CN CN 
~ 
66 ~ a ~ n N 
~ 
1~ 
d ____:,. Ok~ + glutacononi t rile _),. ..;---
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isomerization via ring expansion is postulated as in 
Scheme 1 0 . In that case, however, the 7-methyl-tetrazole 
(67) should also give an 'abnormal' product, 69, and 
this indeed it did . It was missed at first because the 
product is formed in low yield, is hidden under the 
aminopyridine-peak in the gas chromatogram, and has 
weak absorption in the infrared and no distinct UV 
spectrum. The NMR spectrum at 100 Mc did, however, 
reveal 2-methylglutacononitrile (69). (64) and (67) give 
the same two glutacononitriles but in inverse relative 
yields, and 66 cannot and does not give an abnormal 
product. 
The possibility now existed that the products 
of ring contraction (the cyanopyrroles) could actual ly 
arise by any of three related mechanisms; directly 
from the ring expanded intermediate B, from the 
isomeric ni trenes A and C (•related through B) or 
directly from the original nitrene A (by subsequent 
C * ). 
A B C 
1J6 
C -migration). The same remarks would apply to the 
nitrenopyrimidines. A distinction can be made by 
identifying the origin of the pyrrole- in the products, 
and to this end tetrazolo[l,5-a]pyridine-l(J)- 15 
(8.J7% 15 xcess) was pyrolysed under the usual 
conditions (600°). Table 9 lists the 15-contents of 
the products. The expected loss of 50% of the N15- content 
mer ly confirms that N 1 5 is lost in generation of the 
nitr n 
Table 9 
12 V MS9 MASS SPECTRA OF 15-LABELLED COMPOUNDS 
Compound 
Tetrazolo [ l,5-a]pyridin 
2- aminopyridine 
2-cyanopyrrole 
J-cyanopyrrol 
pyrrol - 2/J-COOH 
%(M+l) 
6.73 
6 . 26 
6 . 2J 
6 . 2J 
a 
calc. found 
15.10 
10.41 
10 .45 
10.40 
5 . 7ob- 5. 94a 7.80-8 . 10 
% 15 excess 
8.37 
4.18 
4.22 
4.17 
1. 86 - 2 . 40 
) ( ) t 1 . t 148 a Calculat d M+l abund nc due to na ura iso opes. 
b ) Found (M+l) abundance in unlabelled sampl 
Aft r hydrolysis of th mixed cyanopyrrol s, however, 
the r s ul tant carboxylic acids showed loss of only half 
th 15-cont nt of th nitr n, indicating intermediacy 
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of' B. This was confirmed by high resolution mass 
measurement: the ( M-+ 1) peak of' the carboxylic acid 
consisted of'~ 1/3 c 5 H5 N
15o2 (calc. mass: 112.029060; 
found: 112.029332) and 2/3 c4c
13H5 No2 (calc. mass: 
112.035380; found: 112.035388), which me ans that the 
15
-isotopic peak is 2.0-2.3% of' M+. 100% Scrambling 
requires 2.1%. 
The mixture of' carboxylic acids arose from a 4:1 
mixture of' 2- and 3-cyanopyrrole, which rules out the 
rather unlikely possibility that one nitrile carried 
all the 15 and the other none. The cyanopyrroles 
cannot, then, arise directly from unisomerized nitrene, 
which would have resulted in complete loss of' 1 5 
It is difficult to rationalize direct formation of' 
3-cyanopyrrole from the ring expanded intermediate B, 
or from the nitrene ring contraction; the evidence 
suggests rather that this product arises by 
isomerization of' 2-cyanopyrrole. The product ratios in 
Table 10 support this hypothesis as does the observed 
thermal interconversion of' the isomeric nitriles (Table 
19, Experimental) and the fact that none of' the 
methyl-substituted tetrazoles gave more than traces 
of' 3-cyanopyrroles. 
I 
--
1J8 
Table 10 
PYROLYSIS PRODUCTS OF TETRAZOLO[l,5-a]PYRIDINE.a 
J80° 500° 600° 700° 800° 
2-aminopyridine 15 4 2 1 0.7 
glutacononitrile O.J J 4 4 5 
2-cyanopyrrole 26 65 68 68 55 
J-cyanopyrrole 5 15 17 17 27 
a) Yields in per cent . Pyrolysis of 1.00 g tetrazole 
at 0.10 mm in 40 min; subl.-in at 100°. 
Support for the conclusion that the products 
arise ~rom the two nitrenes A and C , which are 
equilibrated through the intermedia t e B, comes from 
consideration of the glutacononitriles. Once again, 
formation of these products from the ring expanded 
intermediate is difficult to rationalize, but assuming 
that they do arise from this source, there is no 
reason whatever to believe that the normal and abnormal 
glutacononitriles should not be formed in equal 
quantities. In fact, the abnormal nitrile is always 
formed in about half the yield of the normal one; 
comparison of results from 64 and 67 (in which the 
same nitrenes are produced, and the same intermediate 
--
1J9 
B would be involved) constitutes a rigid proof that 
this is so. Thus the glutacononitriles must arise 
separately from the equilibrated nitrenes A and C . 
The reason for difference in yield cannot be 
differences in rate constants for ring cleavage, since 
again the 64/67 comparison involves the same two 
nitrenes. It must then be ascribed to a difference 
in the energy content of the two nitrenes, the 
rearranged one (A or C as the case may be) carrying 
less thermal energy than the initially formed one. 
The argument is, in principle, exactly the same as 
that applied to the pyridylcarbene-phenylnitrene 
isomerization, in which an analogous mechanism was 
postulated. 
The results described above prompted a close 
scrutiny of the aminopicolines which were also formed 
in the reactions. Firstly, 'abnormal' amines should 
be formed. Secondly, since amines are favoured by 
low temperature (cool triplets ? ), more might be formed 
of the 'abnormal' products arising from the 'cool', 
rearr a nged nitrenes, tha n of the 'normal' ones arising 
directly. 
It was something of a surprise when it was first 
realised that the 8-methyl-tetrazole (66) gave in fact 
0 
at J80 a 10% yield of a 1:4 mixture of J- and 
* 6-methyl-2-aminopyridine: 
66 __,. 0 
A 
20% 
n .. _ 
C 
The 5-methyl-isomer (65) gave exactly the same 
140 
mixture, thus indicating some 'ortho-effect' which 
prevents the formation of J-methyl-2-aminopyridine from 
the ni trene A. Such an effect is not operating in the 
6- a nd 7-methyl-isomers (.§. and .§1) which both gave a 
1:1 mixture of amines arising from equilibrated nitrenes, 
4- and 5-methyl-2-aminopyridine . 
While these results vindicate the theory of ring 
isomeriz tion, they also pr sent a new probl em: the 
nature of the 'ortho-effect •. Two pieces of information, 
* The aminopicolines eluted as one peak on the gas 
chromatogram . The composi tions of the mixtur s were 
established by NMR and IR spectroscopy. See also Table 
20, Experim ntal. 
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which are themselves wanting explanation, help making 
this effect reasonable: firstly, it was mentioned in 
Section 1.1 that o-tolyl azide and 2,6-dimethylphenyl 
azide failed to undergo violent reaction ; they gave 
instead amines and azo-compounds, but the amines were 
formed in very low yields (see Experimental). Although 
nitrene-stabilization by ortho-methyl-groups was 
app arent, it did not favour formation of anilines. 
Secondly, an ortho-methyl-group was a prerequis ite for 
the successful outcome of Sundberg's phenylnitrene-
pyridine rearrangement52 • 52 a which, as discussed in 
Sectio n 1. 2, involves ring expansion. Azidomesitylene 
gave a particularly high yield of ring-expanded 
52a product, both thermally and photolytically; thus 
it appears that, at least in solution, ortho-methyl-groups 
favour ring e pansion. The reason for this is not 
clear - it might be due to distortion resulting from 
steri c int raction. In the above case of formation of 
'abnorm 1 1 aminopicoline, the original nitrene A may , 
like o-tolyl zide, be prev nted from amine - formation 
and, furth rmore, the forward reaction to C may be 
acce l rat d. 
nitren C. 
on of th se effects apply to the new 
or do they apply to the nitr nes arising 
fro m 64 nd 67, h nee th equ 1 yie lds of amines. 
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Besides, the fact that the new nitrene C cannot give a 
glutacononitrile works in the same direction: those 
nitrenes which cannot cleave must, p esumably, either 
give amines or undergo ring contraction . Inspection of 
Table 20 shows that this alone will not explain the 
high yields of' amines from the ni trenes C . 
The nitrogen scrambling process can circumvent 
the proposed route ( ection 2 . 1.) for formation of 
cyanopyrroles via N-cyanopyrro les , a lthough the 
evidenc from the pyrimidine series , where 
-cyanodiazoles are formed, still makes that proposal 
attractive . It would be possible to distinguish between 
primary -cyanopyrrole(path b, 
Scheme 11 
g: d· ,) . . 
? l ( ) ~) 
t::)<c 0-
d 
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cheme 11) and 
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-0-
H 
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14J 
2-cyanopyrrole formation (path a) by blocking one of 
the potential 2-positions in one of the isomers. 
This would not in any way interfere with the rates of 
formation of - cyanopyrrole from the equilibrating 
nitrenes, with the result that preponderance of 15 in 
the pyrrole- would implicate direct 2-cyanopyrrole 
formation; equivalence of 15 in pyrrole- and 
cyano-nitrogens would indicate N-cyanopyrrole formation. 
The critical point is the elimination of pathway (c); 
a point which can be checked . 
The seven-membered ring is still, of course, capable 
of giving -cyanopyrroles, though in a way different 
from the earlier postul ate: 
h ~ :t'): d 
I 
C 
+ 
H H 
N-Cy nopy role appears to be ve y unstable and 
. 149a has never been synthesized . Reaction of 
-potassiopyrrole with cyanogen bromide gave l-cyano-
2,J,4,5-tetrabromopyrrol .Th lithium salt gave a crude 
product which, ccording to the IR spectrum, appeared 
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to be mainly 2-cyanopyrrole (not, however, obtained 
in pure form; see Experimental). It has been reported 
in 149b . another context that sodium and potassium salts 
of pyrrole give rise to 1-substitution, but that the 
lithium salt givre2-substitution. Reaction of 
triphenylphosphiniminoformic ester and boron trifluoride 
etherate with pyrroles gives2- nd J-cyano-pyrroles, 
apparently depending on the number of available 
. t. 1 149c posi ions on y. 
2.J. itrene, Biradical, or Co ncerted Reaction? 
The 15-experiment provided evidence that the 
ring contractions are not concerted reactions of the 
tetrazoles, i.e. that free 'nitrenes' are involved, 
but little has been said as to whether these are real 
nitrenes or l,J-biradicals of the form 
< > u .. 
The two sp ci s are, of course, only different 
resonanc forms of a nit ene, but one might have more 
weight than th other. 
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The pronounced difference in ease of reaction 
observed between the 2-methylmercapto-4-azidopyrimidine 
(70) and the 2,6-dimethoxy-analogue (Section 2.1) was 
somewhat suprising. It could be that the difference 
was due to the higher ability of sulphur to stabilize 
a diradical intermediate, rather than a zwitterionic 
intermediate as proposed (Section 2 . 1) . In search for 
similar effects of sulphur in o ther compounds, the 
methylmercaptophenyl azides were prepared . As has 
already been stated (Section 1.1), no cyanocycl opentadienes 
were detected in the pyrolysates, and the mass spectra 
(Section 1.5) showed that sulphur was more stabilizing 
in the para- than in the met a -position. Attempted 
preparation of 2-methylm rcapto-4-azidopyridine by 
the action of methanethiol on 2-bromo-4-nitropyridine-
-oxide (cf . ref. 150) followed by reduction and 
conversion to azide in the usual way was not successful: 
the 4-nitro-group was displ aced . A similar unusual 
reaction has been reported 151 in the case of 5 - bromo-
2-nitropyridine , 
5-Methoxy-7-methyltetrazolo[l,5-a]pyrimidine 
(71) and the thio-analogue (ll) were obtained (vide 
infra) . They both tautom rize readily to the azides 
in chloroform solution ( cheme 12). Whereas in the 
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methyl - and unsubstituted tetrazolo[l,5-a]pyrimidines 
the yield of aminopyrimidine decreases, and the yield 
of cyanopyrazole increases, with rising temperature 
of pyrolysis, both yields increased in the case of 
71; not an indication that a methoxy-group favours 
ring contraction. In the thio- compound, however, 
ring contraction was altogether absent , and only the 
a minopyrimidine was found . 72 did resemble J..Q in that 
it underwent pyrolysis even on gas chromatography; 
but the sole product was agai n the aminopyrimidine. 
These results are consistent with the proposal that 
sulphur does stabilize the nitrene - but the biradical 
(singlet or triplet) form of it, provided again it is 
true that singlet nitrenes should not abstract 
hydrogen . 
The position of the C - group in l-cyano-J-methoxy-
5-methyl-pyrazole (73, Scheme 12) follows from the 
positions of th chemical shifts in the NMR spectrum 
(Table lJ) . o isomeric cyanopyrazole {z_Q, cheme lJ) 
was detected. The t trazole TI was prepared from 
4 [ 5 ] . . d. 152 , 5-dihydro-7-methyl- 5 -oxote trazolo 1, -a pyr1m1 ine 
(74) by chlorin tion followed by m thanolysis 153 
( Sc hem lJ) . The structur of TI follows from a 
comparison of the NMR sp ctr of 71 a nd the dim thyl 
Scheme 12 
x.°_Q" + 
N 
ub 
Scheme 13 
oyy l.!.eyy 
Ny~ 
N J 15·~ 
1.4 ll 
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analogue 77 (Table 11). 77 has a lready been discussed 
154 . in detail by Temple et. al. who assigned the down-
field CH3 -doublet at T7 , 00 to CH3
(7) . The other CH
3
-
group at T7 . 22 is not coupled with the ring proton. 
The methoxy-compound 71 has TCH 7.08 (cnc1
3
) and is 
J 
coupled with H(6) , J = 1 cps, whereas the isomer TI 
has a 5 - CHJ group which should be a singlet . The same 
assignment as in 71 can be applied to the S - CHJ 
compound 72. The assignment of Temple et . al . is to 
som ext nt confirmed, as in the oxo - compound 74 the 
CH3 - group couples more strongly than in the isomeric 
5-m thyl-7-oxo-tetrazole. 155 
71 and 1£. did not isomerise to any new tetrazoles 
(such as 12.) in th course of 12 hrs at 60° in 
chloroform solution . Since azide - tetrazole 
tautomerization takes place in that solvent, 75 would 
certainly have been formed, had it been mor stable 
than 71 (cf . r f . 155) . 
Having st blish d th structure of the tetrazole 
71 and of the product TI , it can be seen from cheme 
lJ that th re ction coul d be concerted (pathw ya). 
A nitrene interm diate would be expected to give a 
mixtur of 73 nd 1£, unl s on is much mor stable 
th nth other (pathway b) . 1! was sublim d into th 
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pyrolysis tube below its melting point, i . e. presumably 
in the tetrazole form . evertheless, the comparatively 
high yie ld of aminopyrimidine indicates that a high 
degree of n itrene formation does take place . 
2 . 4. Azido/Tetrazoloazine Tautomerization and evidence 
for non- concertion . 
The possibility of concerted decomposition of 
tetrazoloazin s raised the question of the structures 
of such compounds in the vapour phase , in cases where 
azide- tetrazole isomerism is possible, e . g. 
+ -
A study of the mass spectra suggests that in such 
cases the pyrolysis is essentially that of an azide, 
i.e . 2 loss to give a nitrene, rather than a 
concerted reaction. 
n al l cases the triazo lo azines , tetrazoloazines 
and azido zines showed the following fragmentation 
pattern: 
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2 
- HC )+. 
In the traizolo[l,5-b]- and triazolo[l,5-c]pyridines 
and the th rmally stable tetrazolo [ l,5-c]pyrimidines 
and t trazolopyridines the (M-N2 ) peak was very intense, 
and usually the base peak of the spectr um. In contrast 
to this, those tetrazoles which exist as azides at room 
temperature or slightly higher (tetrazolo [ l,5-a]-
pyrimidin sand 4-azidopyrimidines) showed only small 
(M - 28) peaks, and in a ddition showed apparent (M - 26) 
peaks . The latter were shown to be due to the thermal 
proc ss (M 
- 2 + 2H), since the (M - 26) peaks 
persisted at low voltage, and would still be seen after 
pumping away th azides/tetr zol s . This th rmal 
nitren ~ amin reaction occurred even with a direct 
insertion prob at 100° . It my be of significance 
for th qu stion of th possibility of nitrene 
intervention in thermolysis of tetrazolopyridines (as 
s hown by 15-1 b lling above) that, although th se 
h av (M - 2 ) s bas p ks, thy also give (M - 26) 
peaks (16-18% of bas), prop rty not shared by th 
isomeric triazolopyridin s. 
* Tri zolo[5,4-d ] pyrimidin ( 1 8-az purine') (p . lJJ) is 
outstanding s a tri zol which dos not und rgo the 
xpect d ring contraction on th r molysis . Only two 
(footnote continu don p.150) 
The question of azide-tetrazole isomerism was 
further examined by nuc le ar magnetic resonance and 
150 
infrared spectroscopy. Some of the characteristics are 
listed in Table 11 . 154 158 The work of Temp le~- al . ' 
forms the background for the assignments . These 
workers have established that labile tetrazoles exist 
mainly in th tetrazolo-form in DMSO, and in the 
azido - form in TFA, whereas mixtures may be found in 
c hloroform. The heat of tautomerization of tetrazolo-
[1,5- a]pyrimidine in DMSO was 5 . 1 ~ 0 . 1 kcal/mole 159 , 
and ca 2 kcal/mole more for the 5,7-dimethyl-derivative154 
( Table 11 , 7 8 ) . It appears that the heat of 
154 tautomerization is generally less than 12 kcal/mole, 
nd therefore, azide tautom rization could well be the 
first step in pyrolysis. 
Th r sults for tetrazolo[l , 5 - c]pyrimidines 
(Table 11) re in accord with the finding 157b that 
7-aminoderivatives of this system xisted as tetrazoles 
only in the solid state , but in contrast to the report 
(footnote continued from p . 149) 
products, ammoni a and hydrogen cyanide, were identified 
(IR and m ss spectrum) . 0th r workers hav shown156,l57a 
th t the pyrimidine ring in this compound is more prone 
to op ning than is the triazol ring . The mass spectrum 
of 1 8- z purine' exhibits only a small (M-2) peak 
(8 . 6% of b s ) . The b as p ak is due to (M - 28 - 27) 
which is form d fro m (M - 28) nd accompanied by a meta-
st bl p k. This, too, is in agr ment with the 
pref rred th rm l breakdown into s111 11 fragments. 
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of T mpl 158 _! . al . that electron donating groups 
(in position 8) favour the t trazole isom r. It was 
160 
stated that al l known exampl s of heterocyclic 
azides for which the isomeric fused-ring tetrazoles 
were unknown could be explained by th effect of electron 
withdrawal, the underlying id being that a tetrazole 
ring is el ctron gative, while an azido-group is 
electropositive . As can be seen, the dimethoxy-4-
azidopyrimidin 79 exists exclusively as the azide; a nd 
the corresponding methylthio-compound 70 is 50% azide 
even in DM O. The dim thyl-derivative O is much less 
prone to isom rise to azide, and the related 5,7, 
trimethyl-deriv tive is even more stable. 
In th tetrazolo [ l,5- ] pyrimidines (78, 71, 72), 
an ex ctly opposite effect of electron donating groups 
is obs rv ct . Although thes compounds showed moderate 
3-b nds in th infrared, thy show d no pronounc d 
t ndency to ring opening, v n in TFA, thus bing the 
first t tr zolopyrimidin s which do not convert 
ntir ly to zid sin TFA . ull d tails of infrared 
spectr r giv n in E prim ntal . For those 
compounds which ist st trazol sin th solid stat, 
th 3- bsorption n ar 2100 cm-l increas s with 
t mp ratur in chloroform solution, and also d v lops 
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on heating a suspension in Nujol . The tetrazolo [ l , 5-a ] 
pyridines did not show any N
3
-band under these 
conditions, not even on hating to 140°. As they were 
sublimed into the pyrolysis tube below their melting 
points, the possibility existed that ring contraction 
could be a concerted reaction of the tetrazoles; the 
result of N15-labelling, and the evidence derived 
from the mass spectrum, did not, however, support this 
possibility. 
tis not certain whether the tetrazolo [ l,5-a ]-
pyridines isomerise in TFA. Only one isomer was 
detected by NMR, so it could b either the tetrazole 
or th azid . It will be seen from Table 11, however, 
that a CH3-signal of a tetrazolopyrimidine move~ 
down-field wh n the solvent is changed from 
d uterochloroform to TFA; but the CH3-signal of an 
azid will b found at high r field . The CH3-signa l of 
6-methyl-t tr zolo[l,5- ] pyridine ( T7.50 (ct) in CDC1 3 ) 
moved down-fi ld when th solvent was chang d to TFA 
Table 11. Azido / tetrazoloazine Equilibria 
Tetrazole Azide Ratio IR Solvent ring-H X-CH3 c~ ring-H x-c~ CH3 azide:tetrazole N3 Formula 
CDC13 2.92(q) 7.00(d),7.22(s) 3 . 15 7.53 1:5 + i.1) 78 TFA 2 . 62 7-23 1 :0 
CDC13 3.40(q) 5 . 85(s) 7.08(d) 3.65 6.02 7 . 60 1: 10* + 
DMSO 3.00(q) 5. 92(s) 7.18(d) 0: l* 1N-\,, 
.1! N~N" TFA 2 -90 5 . 65 6 -90(d) 3.22 5.65 7.35 £!. l :25** Meo 
CDC13 3 .14(q) 7.28(s) 7.lO(d) 3 . 20 7 . 59 7 . 43 1 :4* + i'x:> DMSO 2.60(q) 7 . 34(s) 7.20(d) 0: l* 72 MeS TFA 2.55 7.15 6.95 2.80 7 .40 7 .20 3 :1 
CDClJ 2.56 7.17 7.33 3.65 7.43 7.60 5:1 + yy~ 
*** 
DMSO 2.17 7 .20 7 .40 3.36 7 .47 7.62 1:1 NyN-1 70 
TFA 3.28 7 .18 7 .35 1 :0 SMe 
CDC13 4.13 5.98 1 :0 ++ MeO~NJ N91 DMSO 3.95 6.05 1: 0 79 
OMe CDC13 2 . 37 6 . 85,7.33 0: l + 
2.13 Y',N 
**** 
DMSO 7.04,7.47 0:1 NyN-/ 80 1--' TFA 3.00 7.10,7 . 28 l :0 V, 
w 
* No change after 12 hrs at 60°; ** azide tautomer increases slowly;*** assignment of signals to CH
3 and S-CH3 uncertain; **** an 8-C~-group resonates at 7.37 (CDC13), 7.47 (DMSO), 7.70 (TFA). 
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( T? . 27 (ct)), thus indicating a tetrazole-isomer also 
in that solvent . The pyridine-protons gave, in 
deuterochloroform, a triplet at Tl . JS (H(5), J = 1 cps), 
and two doublets (T2 .05 and 2.45, J = 10 cps) with 
each peak further spli t into doubl ts (H(7) and H(S)). 
In TFA these couplings disappeared almost entirely, 
giving two weakly coupled singlets at T0 . 97 and 1.65 (1:2) . 
imilar simplifications of NMR spectra of other 
tetrazo lo [ l,5- a]pyridines in TFA were observed. The 
CH3-signal, however , remained a doublet (J = 1 cps) 
suggesting that az ide-isomerizati o n did not take 
place . 
2 . 5 . Spectra of Products . 
The cyanoazoles were identified by IR, UV, mass, 
and in particular NMR spectra. IR and NMR spectral 
dat for pyrrole a nd the cyanopyrroles are presented 
in Table 12. The NMR spectra of 2 - and J-cyanopyrrole 
have bend scrib d briefly by den Hertog . 9 Sa 
It c n bes n from the Table that the position 
of chemical shifts is determined largely by the 
electron gative effect of th cyano-group (and this, 
indeed , form d the basis for the assignments) , which 
causes a down-fi ld shift of c 0.7 T-units for an 
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a -proton (relative to C-C) when the transmission 
goes through a double bond; and ca 0.2T when through 
a single bond. The effect on the -H proton is much 
larger and less coherent. To a first approximation 
the electronegative (deshielding) effect on protons 
more than one C- C bond away from the C -group can be 
neglected. In fact, in 2-cyanopyrrole H(4) comes at 
slightly higher field than in pyrrole, due to shielding 
(vide infra) but H(5) is still shifted a little towards 
lower field. Apparently, the electronegative effect is 
best transmitted through two conjugated double bonds, 
in accord with resonance theory. These observations are 
exactly the same as those made with respect to 
1-cyanocyclop ntadiene (Section 1.6). 
The chemical shifts in Table 12 have been corrected 
for diamagnetic anisotropy of the C ~group, using the 
data of Table 7. The correct d shifts are included 
in patenthesis. It is apparent also that the 
presence of an adjacent methy l-group to some extent 
counterbalances the electronegative effect on a ring-
proton (cf. r f. 161). 
NMR and IR spectra of pyrazoles and imidazol s 
are tabul t din Table lJ. Th same effects as discussed 
above are operativ. As the CN-group is bonded to 
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nitrogen, the electronegative effect can only be 
transmitted through a single bond, and it amounts to 
~ 0. 2 ppm. In these compounds a very substantial 
counterbalancing of this effect by substituents is 
indicated. 
The IR stretching frequencies of the cyano-groups 
confirm the assigned structures. As expected, the 
cross-conjugated J-cyanopyrrole a bsorbs at higher 
frequency than 2-cyanopyrrole. As in the 
cyanocyclopentadienes, substitution with electron 
donati ng groups further lowers the frequency . The 
same is true for the -cyanodi azo les which all absorb 
at 2250-2260 cm-l (unconj . nitrile) . For comparison, 
- 1 l-cya no-2,J,4,5-tetrabromopyrrole a bsorbs at 2260 cm • 
The C -absorbtions are all very strong. By contrast, 
satu ated -cya nohetero cyc les absorb at low frequency, 
2210 cm-l (Chapter J), ref lecting the avai l ability of 
the nitrog n lone-pair. 
Spectral data for glutacononitriles are listed in 
Table 14. The compounds were identified primarily on 
. 162 1 t · 1 t the basis of Kurtz' data, lack of st ong u ravi o e 
absorption above 220 mµ, and the mass spectra which 
e hibit bundant mole cul ar ions and (M - CH2C) peaks. 
When sub ti tuted in 2-posi tion, this reaction is 
repressed; an (M - 27) peak then becomes ~he base-
peak, a nd a new peak due to (M - CHJCHCN) also 
appears . 
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~ HC 
Beilstein 's 'Handbuch der 0rganischen Chemie ' 
gives a melting point for trans-glutacononitrile of 
28-J4°. The cis-isomer is not known. The inconstancy 
of the mel ting points obtained by various workers , 
however, indicates that varying a mounts of cis- isomer 
may be present . The sample isolated from the gas 
chromatograph in the present study had a maximum 
lt . · t of 26°. me 1ng poin R t [ (v ' c m- 1 ) 973 The I spec rum 
(CH=CH-trans); 1415, 1645 (C =C ) ; 22J2 (s, conj . C ) ; 
2265 (m , unconj. C ); 2960m ; J000m , J050 (m , CH= H) ] 
is consistent with the trans-isomer162 , but weak bands 
-1 
ne ar 700 a nd lJ00 cm may be due to cis - CH=CH. 
The 100 Mc NMR spectrum (Table 14) clearly shows 
that the sample is a~ 2 : 1 mi ture , presumably 
c ontaining more of the trans -isom r. The substituted 
nitriles are also mixtures, as would be expected by 
analogy. 
Table 12 
( - l)a NMR and IR spectra of Cyanopyrroles r - units; cm 
H(2) H(J) H(4) H(5) NH(l) CH (J) CH (4) CHJ(5) VCN 
0 J . J2 J.78 J.78 J.J2 2 
H 
~ N b) J-17 J.82 J.17 - 0.2 2229 (2.98) (J . 70) (J.06) i:( b) 2.68 J-55 J.20 o.4 22J9 (2 . 49) (J.J6) (J.08) 
H 
--0-cN c) J.J6 4 . 18 o.o 7 . 74 2220 (J.17) (4 . 06} (7.76) H 
~N d) J - 95 J.20 o.6 7 . 74 2222 (J.8J) (J . 09) (7.73) H 
~ N e) J-40 J.46 0.1 7.94 2222 (J - 21) (J . J5) (7-97) H 
a) Methyl - signals are singlets; the footnotes concern ring-protons. 
b) Centre of multiplet; it is a coincidence that H(J) and H(5) have nearly the same shift in 2-cyanopyrrole . 
c) Narrow triplets. d) Triplets, J: 2 cps. e) Doublets, J= 2 cps. 
t-' 
\.Jl 
0:, 
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Table lJ 
NMR and IR spectra of pyrazol es and imidazo.j.e:' ( r -units ; cm-l)a 
H(J) H(4) H(5) CH 3( J) CH3(4) CH3(5) VCN 4 5 
Jail 
2,J8 J.67 2,J8 2 
0-CN N/ J.Jlb J-59° 2,lJd 2264 
-d.-CHJ 4.20 7.79e 7.79 
-C)_c 4.09I 7 . 82 7,62 2256 W ' 
Moo-0-CN 4.46/ 6.16 7.66 2252 
H(2) H(4) H(5) CHJ(2) CHJ ( 4) CH3(5) 
J 
402 
5 II 
2.29 2.86 2.86 
l 
()CN 2.00 2.82° 2,68° 2260 
_(-r J. J7" J. 37'1 7 .6 3 7. 78'1 7.78" 
II 
-c~ J.16/ 7.47 7, 84 2253 
S:LcN 3.39' 7.47 7 . 65 2253 
~le 7.57 7.98 7. 78 2250 
-(_yoMo 4.0R 5 . 96 6 .J4 225 6 
N-CN 
-CC' M 3 .101 7.32 7,82 2255 
CN 
a) All resonances ere singlets unless otherwise stated, 
b) Bro od s ingl et, 
o ) Narrow triplet, 
d ) Doubl e t, J" 2 ops. 
e) CH J (l) at T6, JO, 
/) Slightly split singlet. 
g) Average of the two tautomers, Error ~0.02 ppmJ NH at -2, 14 T, 
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Table 14 
NMR and IR spectra of Glutacononitriles ( -:-units; -1 cm ) 
Substituent isomer CH CH2 CH3 CH/CH2 /CH3 "c 
ratio 
H 1 3.53 (m)a 6.40b 2:2 2232s 2 4 . 27 (m)a 6 . 71c 2265m 
1 3 . 90d 
e 8.03(sh) 2230s 2-CH 6 . 78! 1:2:3 3 3 6 . 62 8 . 00 2265m 
3-CH 9 1 4.47 6.76 7 . 86 1:2:3 2230s 3 4 4 . 62 6 . 50 2260m 
a) Centres of multiplets; both arising from both isomers. 
b) Doublet ( J z 6 cps) of doublets (J z 2 cps) . 
a) Doub let (J z 5 cps) of doublets (J z 2 cps). 
d) Two triplets with additional fine -s true ure. 
e) Doub let (J z 7 cps) . 
f) Doub let (J z 7 cps) of quartets (J z 1 cps) 
g) All peaks are singlets showing fine -s true ture. 
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2.6. Thermal Rearran&ements in 1-substituted Pyrazoles. 
Cyanopyrazoles . 
It can be inferred from preceding sections that 
tetrazo lo[l,5- a]pyrimidines resemble aryl azides in 
their tendency to give amines on thermolysis . Further 
properties which place them in a class with azides 
is the formation, in low yield, of pyrazoles and 
hydrogen cyanide (Scheme 14) and a rearrangement product 
(81) of 1-cya:no-J,5-dimethylpyrazole (82, R = CHJ) . 
The structure of 81 is based on spectral evidence 
[IR : 
neat) . 
NMR: 
225J cm- 1 (unconj . 
C H 
UV: ;\. 6 12 2J2 
ma 
CN); no Hin spectrum (cc1 4 or 
mµ; 82 has Amax 2JO mµ. M+ 121. 
'T J . 58(s, H(4)), 7.56(s, CHJ(J)) , 7.72(s, CH3 (5)) 
in the ratio 1: J:J; no N-H resonance absorption ] . The 
IR spectrum a lone leaves 81 as the only possible 
structure, as the other unconjugated nitrile (SJ) would 
tautomerize to 84 . The NMR signal at J.58 ppm is 
definitely not due to an -H proton as it did not change 
intensity on addi tion of triethylamine/deuterium oxide. 
Furthermor, the subsequent reaction to be described 
now is in acc ord with the JH-pyrazole structure 8 1 only. 
The possibility that a pyrazole ~ imidazole 
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rearrangement had taken place was ruled out as the 
dimethyl-1-cyanoimidazoles (Table lJ) are distinct from 81. 
R~R Ny ~ 
N 
a--o-R A 
R:cil3 
\CN 
82 
§1. A ~
-N2 { 
-d ~ 
I 
Scheme 14 
~ 
~CN• 
-
~CN 
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~CN 
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-0- + HCN 
H 
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====-CN §1 
H 
-=-CN 88 
6 t 
=-CH2-CN .§2. 
R = H 
[)j]~ ~ il )y ~ 
2Q ~ 
n N 0 
.2.J. 2.4 
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Pyrolysis of either 5,7-dimethyltetrazolo[l,5-a]-
pyrimidine (~) , 81, or 82 (R = CHJ) at 700°/0.1 mm 
gave a 2:1 mixture (15% overall) of cis- and trans-
2-methyl-2 , 4-pentadienonitrile (85 and 86, Scheme 14). 
Likewise , tetrazolo[l,5-a]pyrimidine and 
1-cyanopyrazole (82, R = H) gave both at 800°/0.01 mm 
a l:J mixture of cyanoallene (87) and tetrolonitrile 
(88) whereas no propargyl cyanide (89) was detectable. 
These results indicate rearrangement of 
1-cyanopyrazoles to J-cyano-JH-pyrazoles (81) followed 
by elimination of nitrogen. It is well known that 
164 . 165 JH-pyrazoles and pyrazolines undergo 
photochemical loss of nitrogen with the formation of 
cyclopropenes, cyclopropanes, and dienes. In view of 
the reaction conditions used here, it is not surprising 
that no cycloprop nes were found . Whether the 
· t.. ct· t · 1 J ct · ct· 1 a carbene164- 65 ;s in rme ia e is a , - ira ica o ~ 
o no immedi e importance . The intervention of 
trimethyl n in photolytic cyclopropan formation can 
. 15a 166 be inferred from the observed stereochemistry. ' 
Encouraged by these results, 1,J,5-trimethylpyrazole 
~ 
(90) w s pyrolysed at 800°/0 .05 mm . 4-Methylpenta-
1,J-diene ( 91) w s isolated in 1-2% yield . At 900° 2! 
and 2,J-dim thylbutadien (92) were formed in 5% yield 
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each, together with an 8.5% yield of 4,6-dimethylpyrimidine 
(93), apparently formed in the now familiar ring 
exp a nsion followed by hydrogen loss (Scheme 14). Finally, 
a 2.5% yield of benzene (94) was obtained. It is 
pure speculation as to whether this arises via the 
dienes or in some other way. 
Identification of products was by spectroscopic 
data, reported in Experimental, and comparison with 
literature values. The composition of the 
methylpentadienonitriles was confirmed by high 
resolution mass measurement. The trans-isomer was 
a lso prepared from the trans-acid and chlorosulphonyl 
. t 172 1socyana e , a n example which shows the power of 
this nitrile synthesis: the nitrile was not obtainable 
from the acid by conventional methods. 
Tetrolonitrile was also obtained by treatment of 
propargyl bromide in dimethylformamide with potassium 
cyanide. o propargyl cyanide was isolated . It is 
therefore not suprising that this non-conjugated 
* isomer was not present in the pyrolysate. 
* . The literature on propargyl cyanide , tetrolonitrile, 
and cyanoallene is confusing, various workers having 
from time to time doubted the results of others. Thus, 
Pasternak nd Peiffer167 claimed Kurtz' data168 for 
(footnote continued on p.165) 
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Pyridine-N-oxides and other systems related to 
hetarylnitrenes 
Though the oxygen analogue of a nitrene is the 
oxygen atom, there exists an amazing similarity 
between the photolytic reactions of heterocyclic 
N-oxides and the thermal reactions of hetarylnitrenes. 
Scheme 15 summarises some of the react~ons . 
Buchardt et. ai . 1 73 and Kaneko et. ai . 1 74 have 
established the conversion of quinoline- -oxides (95B) 
to benzoxazepines (98B) via the oxaziridines ~B. 
Structure 2:J. simulates the polar form of a nitrene. 
The oxazepines 98B rearrange further to 
1-acylindol s 173 , 175 , but when the starting material is 
cyanoallene to be in error, but neither these workers 
nor Vess iere and Theronl69 gave adequate information as 
to how, for instance, they obtained their infrared spectra. 
The three sets of d ata differ, and it is the present 
aut hor's exp rience that Kurtz ' are correct. The IR 
absorption of tetrolonitrile is reported by Vessiere and 
Theron169 as 2150-2260 cm-1 with no details; this is 
unfortunat ly all that is known a bout that IR spectrum. 
The present author found 2160, 2270 (liq. film), a nd 
2270 cm-1 ( cc14). \altz and Kurtz 1 70 reported the NMR 
bsorption to take place at 8 . 00 r , in agreement with 
the present author's value of 8.02 T (100 Mc spectrum) . 
Propargyl cyanide has apparently previously been 
isomerised by b ase to tetrolonitrile.171 T he confusion 
evid ntly rises out of the facts that the three 
compounds re interconvertible,170 nd that the 
bsorption fr qu ncies are solvent dependent . 
Scheme 15 
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a pyridine derivative (2.2_A), 2-acylpyrroles (99A) 
are obtained . 175 1-Formylpyrrole, and a derivative 
of it, have , however, been obtained from pyridine- -
oxide . 176 This is of obvious importance in view of 
the alleged formation of 1-cyanopyrroles from 
2-pyridylnitrenes above . The problem is now being 
examined in the laboratory of Dr J . Streith (Mulhouse) 
to determine whether the normally obtained 
2-formylpyrroles do in fact arise by rearrangement of 
1-formylpyrroles . The relative yields of 1- and 
2-formylpyrrole from reaction of pyrrolylmagnesium 
iodide and ethyl formate are known to be temperature 
177 dependent. 
A valence isomerization similar to that which could 
be responsible for formation of 1-cyanopyrroles from a 
diazatropylidene (p .14j has been observed by LohselOJ 
in the c se of isoquinoline- -oxide (100 ~ 101). 
The dicyanomethylide of pyridine178 (102) and the 
nitrogen analogue 103 179 undergo similar reactions. 
The diazepine 105 suffers ring opening to 106 . It has 
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also been reported that a derivative of 105 
isomerises to a derivative of 104 on photolysis . 
The formation of 9-acylcarbazole (108) and 
dibenzoxazepin (109) by photolysis of phenanthridine- -
oxide (107) has been reported recently, 181 and the 
reaction sequence indicated in Scheme 16 was proposed. 
The present author found that 
9,10-tetrazolophenanthridine59 (110) when pyrolysed in 
the gas-phase at 800°/0.05 mm gave a mixture of 9- and 
4-cyanocarbazole (111 and 112). The aim of this 
experiment was to prove that N-cyanopyrroles are formed . 
While this was achieved, a 'nitrenoprefulvene' 
intermediate would be particularly unfavourable in the 
present case, and the results can equally well be 
interpreted as shown in Scheme 16 in complete analogy 
with the reaction of phenanthridine- -oxide. 119 was 
also prepared from carbazolyl sodium and cyanogen bromide, 
and it did not rearrange to 112 on thermolysis; it gave 
instead carbazole and tar. 4-Cyanocarbazole was 
identified by hydrolysis to the known acid . 
This is yet another e ample of the power of 
gas-ph se pyrolysis over the usually employed liquid 
phase pyrolysis: it is ironical that 
tetrazolophenanthridine was originally obtained by 
accident59 in an ttempt to prepare 4-cyanocarbazole 
from 2-azido-2'-cyanobiphenyl in an ordinary nitrene 
reaction . As the azido-group underwent 1,J-addition 
0 
107 
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to the cyano- group instead, a n attemp t was made 
(without success) to pyrolyse the product, 110. 
When 110 was pyrolysed a t 500°/0.01 mm, a high-
melting dimer of the nitrene llJ was obtained. It 
is assumed, on the b asis of the mass spectrum 
[M+ J84; M/2 = 192, m] that the product is the 
tetrazine 114. 
A few preliminary experiments on pyrolysis of 
pyridine-N- oxide were conducted. The main products 
0 
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at 800 were pyridine and 2-pyridone. umerous minor, 
unidentifi d compounds were a lso formed . 
169 
Chapter J 
ITRENES DERIVED FROM POLYMETHYLENETETRAZOLES. 
Although the compounds to be discussed in this 
chapter are not aromatic, the results are of direct 
relevance to the main topic of this thesis, for it will 
be seen that ring contraction - presumably via nitrenes 
takes place via ing opening rather than directly. 
T hi s, in turns, revives the possibility which was 
mentioned in Section 1 . 1 that ring opening could be 
the route to ring contraction also in aromatics . 
* 
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Pyrolysis of pentamethylenetetrazole (115) at 
450-675° produced two compounds* , 4-pentenylcyanamide 
(116) and 1- cy no-2-methylpyrrolidine (117), 116 is 
supposedly formed by ring opening of 115 as indicated 
in Scheme 17, The yield of 116 decreases, and the 
yield of 117 increases with temperature (see Table 15), 
Furthermore, 116 rearranges partly (10%) to 117 on 
injection onto a gas chromatography port at 210°, 
indicating that 117 arises from interna l addition in 116. 
o trace of the direct nitrene ring contraction product, 
1-cyanopiperidine (118) was detected , 
Scheme 17 
Q ~ + 0 118 
-
C 
115 i 
CHC C:'>--cHJ 
I 
C 
116 
At v ry low degrees of conv rsion, at 400-450° , an 
unid ntified isocyanide was formed, v '21J5 cm-1, 
Hydrolysis gav an unid ntified formamid ,M+ 128, v' 
1640vvs, 3200-JJ00 (NH bonded), J4J0 cm- 1 ( H free), 
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Table 15 
PYROLYSIS PRODUCTS OF PE TAMETHYLENETETRAZOLE 
Temp . oc/ Pressure mm 116 % 117 
450/0.05 1 1.7 
500/0 . 05-0 .10 18 49 
500/0.1-0.30 20 . 6 20 . 6 
550/0 . 05-0.30 JO 20 . 6 
600/0 . 30 13 . 5 42 
(575/0 . 30 8.4 44.5 
I n a similar manner, tetramethylenetetrazole (fil) 
gave at 500°/0 . 01-0.10 mm 20% J-butenylcyanamide (120) 
and 4.5% 1-cyanopyrrolidine (121) . The latter may 
arise directly by nitrene ring contraction or by 
ddition in 120. one of the strained l-cyano-2-
methylazetidine (122) was found . 
GH-C 
Cl ~ Cl 120 2 
l==J . • 0 
119 I 121 
C 
Gas chromatography revealed at least fourteen low 
boiling and poor ly resolved components . The most 
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abundant of these, which had a strong piperidine smell 
and no UV spectrum was found by mass spectrometry at 13 
eV to consist of a mixture of pipericline and 
tetrahydropyridine (ca l : 1 . 5). This result is 
analogous to the formati on of phenyl radicals from 
phenyl azides (Section 1.1) and suggests that the first 
step in tetrazole pyrolysis may be isomerization to the 
azido- form. 
1.00 g Trimethylenetetrazole (123) g ave at 500°/ 0 . 10 
mm 10 mg product with infrared absorption at 2130, 2224, 
and 3200 cm-
1
, indicative of formati on, in low yield, of 
the same type of products as a bove: 
n N. 
(VN. 
124 
The main product was a hard, transparent, insoluble polymer 
with a bsor ption a t 2215 (c, broad, strong), 1470 (c= ), 
1330 ( vs ), 1425, 1160, 1140, 1000 (vac c ), 950, 800, 
720 (vsc c) cm-l (cf . r f. 182). Elementa l ana lysis g ave 
the approxim te formula (CHN) • o mass spectrum could 
be obtained on direct inlet. The compound darkened 
bove 200° on slow heating, not melting at 360°, a nd 
exploded on fast heating to 200°. The fumes smelt 
strongly of aliphatic amine. The compound was not 
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identical with any of the polymers of hydrogen cyanide. 183 
The available data are consistent with a polymer of 
-cyanoformimine, viz . 
.... 1--C~-~--CH2 ..•. 
CN C 
which could arise b y elimination of ethylene from 124 or 
Ethylene was indeed formed1 it was trapped in 
mole cular sieve at liquid nitrogen temperature and 
identified by its IR (gas) spectrum; yield~ 10%. 
Further evidence - if not proof - for production 
of -cyanoformimine was obtained by pyrolysis in the 
all-glass heated inlet system of the MS 9 mass 
spectrometer, coup led with high resolution mass 
measur ement of the products. 
The mass spectrum of trimethylenetetrazole, 
obtained by cold, direct inlet, indicates loss of and 2 
2 +H, but the main fragment peak is m/e 54 for which 
the formula C2 H2 2 was confirmed by high resolution 
me asurement . 
Using a heated inlet at 150° the compound 
decomposed completely: no 'parent peak' was observable; 
and the spectrum featured only ethylene (m/e 28), 
C2 H2 N2 (m/e 54) , and m/e 53 which is formed by loss 
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of H from m/e 54, as indicated by a meta-stable peak . 
The compositi ons of these peaks were confirmed by high 
resolution, and the spectrum was also scanned at medium 
resolution for accurate measurement of intensities . 
The results are given in Table 16, a nd indicate beyond 
Table 16 
70eV MASS PECTRUM OF TRIMETHYLENETETRAZOLE USI G HEATED 
INLET. 
m/e Composition of pe aks Relative intensity 
26 C l o% C2H2 90% 24 
27 HC 25% C2 HJ 75% 28 
28 2 50 . 5% C2H4 46.5% 100 
CH2N J . 0% 
53 C2HN2 100'% 48 
54 C2H2 2 100% J8 
55 C2HJ 2 40% cc 13tt 2 60'% 1.7 2 
doubt th t the tetrazole decomposes into nitrogen, 
Identification. 
The cyanamides 116 and 120 were identified by IR, 
1 ck of UV , NMR and high resolution mass spectra and b y 
comp rison with the spectra of 1-hexene and 
p ntylcy namide . 
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The 100 Mc NMR spectra are shown in Fig . 15 , The 
vinylic pattern of 120 is almos t identical with that of 
1-hexene . For better comparison, pentylcyanamide was 
prepared fro m pentanamine and cyanogen bromide. Its 
NMR spectrum indicated the -H resonance at 4,85 ppm, 
i . e . it will be hidden under the resonance lines of the 
vinylic protons in the spectra of 116 a nd 120. 
Pentylcyanamide shows the following unresolved peaks at 
60 Mc : T7,0 (cH2 (a.), broad triplet), 8 . 6 (cH2 (S, Y, o)), 
9,1 (cH3 ) . 
Assuming J ,, = J 0 = J ._ = 7 cps in 116 and 120, the ap ~y Y v --
spectra are readily interpreted as follows : 
4-Pentenylcyanamide: 
r4 .J (centre, vinylic H), 4 . 97 (centre, vinyli c H plus 
H), 6.98 (t, CH2 (a.)), 7 , 84 (q, CH2 (y)), 8 ,27 
( quintet, CH2 ( ~)) . 
J-Butenylcyanamide: 
r4 . J and 4 . 9 (vinylic H + H), 6 . 90 (t, CH2 (a.)), 7.62 
( q , C H2 ( S ) ) , 
Infrared spectra: 
4-Pentenylcyanamide (cc1 4 , cm-
1 ): J220 (broad, H), 
3070 (=C-H), 29J0 (CH2 ), 2227 (vs, C ), 1640 (C =C ), 
14 7 0 ( C H2 ) , 1170 , 9 2 5 ( =C H2 ) , and 18 5 0 ( =C H2 , 2 \J) • 
Dilution caus d a new, sharp band at 3400 cm-l to 
appear ( II). 
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3- Butenylcyanamide : identical beyond distinction with 
the above. 
Pentylcyanamide : 3200 (broad), 3370 (w, H), 2223 
(vvs, C ), 1170, 735 (v Cc). 
s o UV spectrum. 
Mass sp ctra: The base peaks are due to loss of 40 
mass units ( C) from the molecular ions. 
1 - Cyanopyrrolidine (121) was identical with a specimen 
prepared from pyrrolidine and cyanogen bromide. The 
structure of l-cyano-2-methylpyrrolidine (117) follows 
from spectral omparison: 
NMR spectr : 
1-Cyan pyrr olidine (121): T6 .60 (t, J = 7 cps, CH2 (a), 
4H), 8.07 ( a pp r ntly two o rlapping triplets with 
· ctentic 1 shift, J = 8 and J; 4 cps, 4H). 
(117): T6 .47 (q, J = 6 cps, 
II(2), HI), 6.58 (t, J; 6 cps, H(5), 2H), 8.1 (m, 4H) , 
8.70 (ct, J; 6 ps, CH3 (2)). 
1-Cy (126): T6 .8 (m, 4H), 8.35 (m,6H). 
on of th s ompounds chang d with d uterium oxide . 
IR spectra: 
117 (cc14 of liq. film, cm-
1 ) 2210; spectrum almost 
identical with that of 121 except for a new band at 
-1 1375 cm (cH3 ). 
UV spectra: no absorption above 210 mµ. 
Mass spectra: 
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121: M+ 96, 100%, [M-1]50%, [M-27 ] 35%, [M-H- C , m/ e 55] 
26%. 
117: M+ 110, 49%, [M-1]15%, [M-15] 100%, [M-15-27, m*]2o%, 
[M-H-NC , m/e 69]10%. 
126: M+ 110, 100%, [M-1 ]82%, [ M;H- C , m/ e 69]70%. 
CNHCN 
11 6 
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Other saturated systems 
The following ring contractions in the steroid field 
184 have been reported 
0 H 
0 
H 
C J 
) 
C 
/ 
H 
H 
and the reaction was proposed to proceed via an unstable 
1-cyanotriazole, e . g . 
--
2
-~) product ·. 
H 
The relevance to pyrolyses reported in this thesis is 
obvious . 
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Current theories on reaction mechanisms have been 
deduced largely from studies of solution chemistry under 
conditions of relatively low energy, and awareness of 
the r6le played by the solvent in such mechanisms has 
been steadily increasing. The changes in electron cloud 
density which occur on vibrational distortion of a 
mole cule (i .e. in reaction) mus t be strongly affected 
by the presence of a solvating agent, and thus the true 
transformation of the intact mole cu le may often be 
clouded by the preferential stabilization of one 
particular form of it. This effect may be regarded as 
dispersal of developing charge by an external molecule, 
and may even result in reaction with that mole cule . In 
the gas-phase such effects are much les s likely, and 
vibronic distortion of the molecule, with the 
n cessity for accompanying reorganization of its 
electron cloud, must be internally compensated by bond 
reorganization. These factors can be seen in broad 
principle by comparing the nitrene-carbene 
transformation reported here with the related triethyl 
phosphite deoxygenat ion of nitro-compounds in which 
trapping of the ring-e p anded intermediate was observed. 52 
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In general principle, it migh t be expected that 
internal bond reorganization would be energetically more 
favourable than fragmentation, provided that not too 
much nuclear movement were involved . The work 
presented here is associated with the aromatic ring, 
where the TT-cloud is capable of acting both as an 
electron donor for an electron-deficient species, and as 
a TT-system capable of bond-reorganization. The results 
of the studies are, in broad outline, quite revealing. 
Phenylnitrene, a (6+2) TT-system, shows a tendency 
towards preservation of the aromatic 6 TT-system by 
triplet coup ling when the species is at a low enough 
energy level, but as the energy is increased (violent 
azide pyrolysis), the tendency to shift over to the 
(6+2) TT-system of cyanocyclopentadiene becomes 
increasingly evident, suggesting that the transition 
state leading to cyanocyclopentadiene occupies a rather 
high 'well ' on the energy surface . When a methyl-group 
is present in the original (6+2) TT-system, still 
further activation lifts the species over the energy 
barrier to benzonitrile, excess energy being carried off 
by hydrogen elimination . The evidence suggests that 
2,6-overlap rather than ring exp nsion is responsible 
for ring contraction . 
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In the case of the 2-pyridylnitrenes, a slightly 
different situation attains. Here, the ring contraction 
was observed in the same way, but it was proven 
that another intermediate, most likely the 1,J-diaza-
2-tropylidene, exists . Presumably, a prefulvene-typ e 
intermediate is still involved in ring contraction, but 
ring expansion now competes with it. Apparently, the 
pyridine ring has less tendency to stabilize a nitrene 
than has the benzene ring - a result which could have 
been deduced from the known properties of pyridine. 
The final comp arison with 2-pyridylcarbene shows how 
nicely these effects are balanced: the carbene undergoes 
ring expansion just as did 2-pyridylnitrene, but the 
possibility now exists that the azatropylidene so 
formed can 'return' to the more stable phenylnitrene 
structure with its stabilizing aromatic TT-cloud. For 
that reason, apparently, no ethynylpyrroles are formed 
by ring contraction of 2-pyridylcarbene; 2-pyridylnitrene, 
by contrast, has no chance of rearranging to a 
benzenoid species - it can only give another pyridine. 
The fact that it is possible to correlate all the 
results enhances the author 's belief that this is 
actual l y wh t happens. 
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In the non-aromatic compounds discussed in 
Chapter J, none of these effects could operate, and 
ring cleavage became the major reaction pathway. While 
similar reactions evidently occur in the aromatics also, 
the fate of these appears to be determined largely by 
the most favourable combination of then-electron 
systems. If the electron-deficient substituent is 
removed, such reorganizations lose their dri ing force, 
with the result that fragmentation becomes much more 
important. 
185 ylenes . 
This is seen, for instance, in pyrolysis of 
In conlusion, it is hoped that the results 
presented here may serve to stimulate interest in the 
study of mole cules excited by purely vibrational methods. 
It has been shown that gas-phase pyrolysis, even at 
traditionally 'extreme ' temperatures, can le ad to quite 
surprising reactions - and some which cannot be 
performed in solution. The advent of a suitable range 
of high-power lasers in the infrared region should 
open the way to hitherto unthinkable adventures in 
thermolysis. 
As for the author's special interest, the chemistry 
of electron-deficient species, there is hardly any 
need to emphasize its importance. The field is growing 
18J 
so rapidly, and so many significa nt papers have 
appeared while this thesis was in press that it was 
almost impossible to keep the presentation up to date. 
' Methylene is the basic unit of divalent carbon 
chemistry and one of the most important molecules in 
chemistry.
116
b Hopefully, some demonstration of this 
importance, and of the usefulness of carbenes and 
nitrenes, even from a practical, non-academic vi ewpoint, 
has been given. 
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EXPERIMENTAL 
GENERAL 
The pyrolysis apparatus was essentially that 
described by Crow and Solly, 186 and is shown in the 
photograph on p.184. It consists of a JO x 2 cm 
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horizontal silica tube packed with 5-10 mm pieces of 
silica tubing and heated with a Heavy Duty furnace, type 
70-T, capable of heating to 1000° (calibrated with 
optical pyrometer and thermocouple) . The pump is a 
two-stage high capacity Dynavac 8, capable of pumping 
to 5 x 10- 5 mm Hg. The pressure, recorded on a 
Vacustat near the pump, is the pressure of permanent 
gas escaping from the traps; not the pressure inside the 
pyrolysis tube which is expected to be at least twice 
as high. Assuming this is the case, and that the gases 
are ideal, the contact time (t) can be calculated from C 
the formula 
t (sec) 
C 2 t ( ) 
MW sam le 
= sec • ) • pyr w sample,g p f mm Hg) X 2 64 X 10-J T °K) • 
Even if the conditions were ideal, this simple formula 
would not be strictly applicable, for there will always be 
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a time of build-up of pressure, and a time of fade-
away in the end of a run, thus leaving both pyrolysis 
time and pressure uncertain. Because of these 
uncertainties, t will not be stated. C According to the 
formula, it will be of the order 0 .1 - 0 .25 sec for 
non-violent pyrolyses; the only variables which it is 
ne c essary to know in order to repeat the experiments are 
temperature and maximum pressure. 
Samples were distilled into the pyro lysis tube 
below their decomposition points from a retort heated 
with a heating ma ntle. So lid samples were usually 
sublimed in. The procedure is referred to as distil-in 
or sublime-in. Pyrolysates were col le cted in one to 
three taps coo led in liquid nitrogen. One such trap was 
usually sufficient, but when low-boilding liquids or 
g ases were collected, three traps were used. Condensable 
gases were distilled into a tap-vessel (shown in the 
photograph) cooled in liquid nitrogen after a run was 
c ompleted, a nd fractions were distilled from this into 
a 10 c m gas-cell for IR and mass spectral analysis. 
Perma nent gases, when desired, were collected in 
degassed molecular sieve in a trap cooled in liquid 
nitrogen, and after the run expanded into the gas-cell 
by gradual heating to~ 200°. 
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Liquid products were extracted with ether unless 
otherwise stated , decolourised with active carbon or 
distilled as r equired, and subjected to vapour phase 
chromatography (VPC) using an F and M 500 gas 
chromatograph with thermal conductivity dete ction. 
Samples were co llected from this chromatograph for 
analysis by IR, UV , NMR, and mass spectrometry as 
required. Preparative gas chromatography was usually 
unne cessary . When required, an Aerograph Autoprep 705 
was used. 
The standard column used on the F and M 500 was a 
12 ' x 1 /6 11 column of 20% Carbowax 20 Mon Embacel 
(Column A). In special cases, a 5' column of silicone 
rubber ( E JO) on firebrick was used (Column B). This 
gave shorter retention times (Rt) and poorer resolution. 
High-boiling compounds were chromatographed on a 5' 
c olumn of 5% Carbowax 20 Mon Aeropak ( Column C) . 
azobenzenes and carbazoles were satisfactorily 
chromatograph don this column. Helium was used as 
carrier gas, at a flow rate of 60 ml / min unless 
Even 
otherwise stated . 
I 
The injection port temperature was 
0 250 unless otherwise stated, and the block 
0 temperature was 250 . A typical run was done at a 
column temperature of 90°, programmed at 2°/min to 240° . 
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Solid pyrolysis products usually deposited in the 
bend immediately outside the furnace, often in a state 
of high purity, and were recrystallised, sublimed, or 
gas chromatographed as required. Dark, tarry materials 
deposited here were not usually analysed . 
Gas chromatographic analysis was performed in the 
usual way by planimetry or by the peak enhancement 
method. Analysis of complex mixtures was always checked 
by preparing a test-solution containing, as far as 
possible, all the components . 
than 5%. 
The error is usually less 
Known compounds were identified by comparison of 
their retention times and spectra with those of commercial 
or synthetic samples, when possible, or with reported 
data. ew compounds were identified by spectroscopy, 
synthesis, or conversion to known compounds. Samples 
collected from the gas chromatograph were reinjected 
for homogeneity control and for peak area calibration. 
On occasions, relative peak areas are reported here 
instead of absolute yields . 
Pyrolysis conditions already specified in the general 
part will not be repeated here, nor will trivial product 
identifications. Full details will be given where 
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identification is dubious, or where the compound is new 
and not already discussed in detail. 
Distillation of small samples was performed using 
magnetic stirring, collecting the distillate in liquid 
N2 or dry-ice/acetone, and pumping with the above-
mentioned pump. This will be referred to as 
distillation in high vacuum. For compounds not readily 
distillable below 100°, magnetic stirring could not 
conveniently be used. Instead, the whole still was 
clamped in a vertical vibrator and heating effected 
with an oil bath. This will be referred to as 
vibrodistillation . It is an extremely rapid and 
quantitative means of distilling high-boiling compounds . 
Distillation temperatures given are those of the 
bath. 
Melting points are uncorrected unless otherwise 
stated, but the error is within! 1°. They were 
determined on a BUchi Schmeltzpunktbestimmungsapparat 
or a Reichert melting point microscope. 
Infrared spectra were recorded on a Unicam SP200G 
as solutions in carbon tetrachloride in 0.1 mm aCl 
cells unless otherwise stated, or as liquid films (LF) 
or ujol mulls ( ). In certain cases (high resolution 
of nitrile bands) spectra were run on a Grubb-Parsons 
grating IR-i·nstrumen t , DB1/GS4. C: absorption 
frequencies are in all cases calibrated against 
benzonitrile, absorbing at 2231 cm-l (ref . 187). 
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UV spectra (solvent 90% ethanol unless otherwise 
stated) were recorded on a Unicam SP800 or, when 
extinction coefficients (e) were desired, on a Beckman 
DK-2A spectrophotometer. 
60 Mc/s NMR spectra were recorded on a Perkin 
Elmer R.10 spectrometer, linked to a Digital PDP-8S 
computer in cases where spectrum accumulation was 
necessary. NMR spectra were run at 60 Mc unless 
otherwi estated, a nd the solvent was, unless otherwise 
stated, carbon tetrachloride . 
100 Mc/s NMR spectra were recorded on a Varian 
HA-100 instrument. 
Mass spectra were recorded, unless otherwise 
stated, on a n AEI MS10C2 mass spectrometer with meta l 
inlet system at 150°, using 70 eV electrons and a trap 
curr nt of 50 µA. 
'MS9 sp ctra ' were recorded on an AEI MS902 mass 
spectrom ter using all-glass or direct inlet as stated . 
High a nd m dium resolution mass spectra were a lso 
record don this instrument. Mass spectral data are 
given as M+ (m/e for molecular ion) followed by 
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abundance in per cen . Fragment ions are in square 
brackets, followed by abundance; al l abundances are in 
per cent of base peak . High resolution mass 
measur ments are indicated thus: Cale. mass: 
found : ... The resolution (5% valley definition) was 
35- 55 ppm . 
at 
Light pt olewn refers to the fraction boiling 
0 40-60 . 
nless indicated otherwise, new compounds are 
doubly underlined . 
Th first part of Experimental describes non-pyrolytic 
preparations . The second part describes pyrolysis 
experiments . In some cases, th se are abbreviated thus: 
mass of substance pyrolysed, pyrolysis temperature/ maximum 
recorded pr ssure; distil-in temperature, pyrolysis 
time~ mass of pyrolysate, commencing with Pyrolysis 
of Phenyl Azides (p . 248). 
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PREPARATIO S 
1. Preparation of azides . 
Azides were usually prepared by Smith's 'Method A1188 
and purified by chroma tography on alumina . 40 In this 
way the following new phenyl azides were prepared: 
m-methylthio-, 
v' lJOO, 2090, 
I 4 -1 v lJOO, 2100, 21 5 cm ; p-methylthio-, 
-1 21JO cm • Both had the correct 
molecular weight a nd expected fragmentation patterns 
according to mass spectrometry (Fig. 8). It was noticed 
that all p-substituted phenyl azides possess a pleasant 
smel l of chervil, not shared by the meta-analogues. 
(a) 2-Azidofluorene. Fluorene-2-diazonium chloride 
(from 0 .4 g 2-aminofluorene) was suspended in water and 
O.J6 g sodium azide in water was added at o0 • The white 
zide precipitated at once and was collected a fter 1 hr. 
Yield 0 .4 0 g (87%), m.p. 102-J 0 (from ethanol), v' lJOO, 
2110, 2120 -1 cm * M+ 207 (70%); [M-28 ] 100%, m; [M-28-27 ] 
* JO%, m; [(M-28-1)-2 6] 18%, m. 
(b) Lb lling experiments. 
Potassium nitr t - 15 (5 g, ~ 10% 1 5 ) was 
conv rt d to 10 ml sodium nitrite solution, and further 
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to potassium azide according to Clusius . 189 Based on 
yiel d s in subsequent reactions, the yield of reduction 
to nitrite was 95% without any intended deviati on from 
Cl . 189a usius' procedure. A reason for the higher yield 
may be that the experiment was performed on a hot summer 
day (temp . ~J0°), presumably well a bove the Swiss room 
temperature. Clusius' procedure is tedious, but the 
effort of setting up a suita ble vacuum line is well 
rewarded . Potas sium nitrate- 15 is cheap (0.5 g 99.J% 
- $48) and both yield and quality of the nitrite 
solution is excellent (it should not be stored for more 
than a few hr . in the cold); 5 ml of this was converted 
to potassium a zide in the same yield ( 72%) as 189b reported 
for pure sodium nitrite. Alka li azi de prepared in the 
presence of hydraz ine is 1active 1190 , and this product 
actu a lly gave better yield in subsequent reaction than 
was obtained in a test run with unlabelled azide. 
(c) m-Tolyl (8 . 40%) . To 2.56 g 
(21 mmole) m-tolylhydraz ine (freshly distilled) in 
4.2 ml cone. HCl and 2J ml water at o0 was added 10 ml 
ether and the mi ture diazotized at -2 to 0° with 5 ml 
of the bov nitrite- N15 solution (21 mmole based on 
Clusius' Yield: 85<%,) . At this temperature the 
195 
azide will be labelled predominantly (>98%) on N-J. 1 89c 
The product was extracted four times with ether, the 
extract dried (Mgso4 ), evaporated, and the crude azide 
(2 .1 g) chromatographed on a 10 cm column of alumina/light 
petroleum. Yield 1.7 g (61%) m-tolyl azide-J-N15 ; IR 
spectrum identical with that of authentic m-tolyl azide. 
The low voltage mass spectrum (MS 902) indicated an 
N15-content of 8 . 4o% , 
(ct) p-Tolyl azide-2 , 6-ct2 • p-Toluidine was treated 
twice with deuterium oxide110 (10 moles, 100°, 24 hr.) 
and converted to the azide. 188 The isotopic purity so 
obtained is indicated in Table J. 
2 . Benzotriazo les. These were all prepared by 
di a zotization of the corresponding diamines in acetic 
acid by adaptation of the method for lH-benzotriazole, 191 
nd purified by sublimation . 
(a) 9,10-Phenanthrotriazole (127) has been 
prepared in lo% yie ld by Epsztein192 by diazotization 
of 9,10-diaminophenanthrene in lcohol containing 
sodium acetate . This solution liberates the free 
amine which condenses to phenanthrazine with 
elimination of ammonia. 
196 
5 g 9,10-Diaminophenanthrene dihydrochloride in 
70 ml glacial acetic acid was cooled rapidly to -10° 
under magnetic stirring, 20 ml of water being added 
gradually in order to avoid freezing; 1.7 g powdered 
sodium nitrite was added rapidly, the cooling bath 
removed, and the green mixture allowed to warm to room 
temperature, during which time it turned yellow and 
pre cipitated the product with vigorous evolution of 
nitric oxide, (It is essential to use strong acetic 
acid; otherwise ph nanthraquinone is formed, This was 
also the case when glacial acetic acid was used at +15°,) 
The solid product contained~ 18% phenanthraquinone 
(m .p. 205-6°, raised to 208-9° on admixture with 
authentic sample) which was sublimed from it at 180°/ 
0.005 mm. The triazole sublimed t 200°/0,005 mm as a 
colourless solid, m.p. 315-16°, M+ (MS 9, direct) 219 , 
Yield 2.24 g (55%), The residue from sublimation was 
assumed to be phenanthrazine (13%). 
(b) 2-Amino-J-nitrofluorene. The best yield 
· dl9J · ct b 12d d th previously reporte was increase y ~ ~. an e 
0 f 0 • ct 194 · 1·f· d · ct bl b puri ication proce ure simp i ie consi era y y 
197 
changing the method of Diels et. ai . 1 94 in the following 
way: JO g (0.166 mole) 2-aminofluorene was added 
portionwise to JOO ml acetic anhydride in a 1-litre 
flask wi t h stirring. Heat was evolved. The mixture was 
then heated on the water bath for JO min. The material 
which crystallised on a spatula dipped in the solution 
h a d the correct m.p. fo r the acetyl-derivative, 188° 
( ref. 194) . Apt 1· to 1J 0 , .l er coo 1.ng the thick, yellow 
crysta l mass was nitrated with 1 8 . 6 ml HNOJ (d 1.42) 
under vigorous stirring, the temperature being kept 
between 10 and 15° during the addition by cooling in 
ice-water. The additio n took JO min. The product 
was filtered on a large sintered glass filter, washed 
with 50% acetic acid , then with water, and dried at 110° 
to yield 40.0 g (90%) of isomeric nitro-compounds, m.p. 
185-210°. This mixture was refluxed with 100 ml cone. 
HCl in 1700 ml 0 thanol for 1 hr., cool d to O, and 
filt rd. The a lc o holic filtrate wa dilut d with water 
until pr cipitation, nd filtered again. Th combined 
filter cak w r boiled with 2 1 glacial ac tic acid, 
cooled to freezing, melted on the water bath, and 
filtered. 
di sc r d e d . 
Th precipitate was a mixture (5 g) and was 
To th red filtrat wa s added J l cold water 
which c used pr cipitation. Filtering and drying gave 
198 
2-amino-J-nitrofluorene which was recrystallised from 
acetic acid to give 24 .4 g (72.J%), m.p. 200-J 0 ,, 274, 
"max 
296(sh), J04(sh), 440-450 mµ (cf. ref. 193). 
was 
2,J-Diaminofluorene . The foregoing nitrofluorene 
reduced 195 with zinc to give 2,J -diaminofluorene, 
m.p. 192-193° from water (lit. 194 192-193°) . 
2,1 -FluorenotriazoJ~ (128). 4.9 g 2,J-Diaminofluorene 
was dissolved in 50 ml glacial acetic acid, cooled to 14°, 
and 4 g powdered NaN02 was added all at once. The 
temperature rose to 50°. The mixture was then heated 
to 80° on the water bath and allowed to cool to room 
temperature. The eaker was covered in a strea m of N
2 
under these operations. (The diamine is easily oxidized 194 .) 
The dark-brown precipitate was filtered, washed with 
water, and discarded. The filtrate was poured into 
200 ml wat r, which caused precipitation of a yellow 
s olid which was filtered, washed acid-free, and dried at 
110° to gi 4.05 gtriazole (78. 5% ), m.p. 225°. 
Sublimation at 180°/ 0.0l mm gave colourless prisms, 
m.p. 2J5-J7° with sublimation. (Cale. for ClJH9 3· 
C, 75 . J4; H, 4 .JS; N, 20 . 28%; found: C, 75 . 21; H, 4.74; 
' 
19. 80%) . M+ 207 (see Fig . J). 
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Data for some previously reported benzotriazoles 
for which no details have been given are listed here: 
5 - Fluorobenzotriazole (J2d) 196 , subl. 110°/ 10-J mm, 
yield by general procedure 191 45% . 
5 - Cyanobenzotriazole (J2a) 197 , m. p . 221.5-22.5°, 
subl. 180°/10-J mm, 76% . 
5 - (Trifluoromethyl)benzotriazole (J2b) 121 , 
1J2 . 5-JJ 0 , subl. 120°/10-J mm, 79% , 
m.p. 
J. Triazolopyridines . v-Triazolo[l,5 - a ]pyridines were 
prepared by the method of Boyer et. ai . 19 8 
(a) 5-Methyl - 2-picolinealdehyde has been pvepared 199 
by oxidation of 2,5 - lutidine with selenium dioxide, but 
the yield was not reported. A 1% yield was obtained on 
repetition of the procedure. The method of Nakashima 200 , 
viz. oxidation of 5-methyl-2-pyridinemethano1201 with 
manganese dioxide in refluxing ether gave only a trace of 
aldehyde, but when refluxing benzene was used for 12 hr . , 
a 20% yield of the aldehyde was obtained . The oil which 
was left after removal of the solvent in vacuo was 
essentially pure ald ehyde according to the IR spectrum . 
Distillation at 69 - 71°/0.5-0 . 7 mm199 gave colourless 
crystals, m. p . 4 1 . 5° ( lit . 199 41 . 5°) . The hydrazone was 
obtained 198 as an oil (98% crude yield). 
6-Methyl-v-triazolo[l,5-a]pyridine (lli). The 
aforesaid hydrazone (3.0 g) was oxidized198 and the 
crude triazole vibrodistilled at 100°/10- 3 mm. The 
distillate solidified to colourless crystals, m.p. 
93-95°, 2.12 g (65%) (Cale. mass: 133.063994; found: 
133.063780). The IR and UV spectra were similar to 
those of the unsubstituted triazole; 198 A 281 mµ. 
max 
200 
(b) 3-Phenyl-6-methyl-v-triazolo[l,5-a]pyridine (130) . 
lJ.50 g (0 .0785 mole) 2-Bromo-5-methylpyridine in 50 ml 
ether was treated with 55 ml of a solution of butyl 
lithium (0 .098 mol) in hexane and 8 .1 g (0 .0786 mole) 
benzonitrile by the me thod of French and Sears 202 . From 
the crude, oily phenyl 2-(5-methylpyridyl) ketone, 
-1 ( ) 198 vCO 1665 cm , 12.7 g was obtained 6 g crude 
hydrazone, m.p. 118-20°. Recrystallization from ether 
gave colourless prisms, m.p. 120-. 5 -21° (5 .0 g; JO% 
based on 2-bromo-5-methylpyridine). The hydrazone 
(4.830 g) was oxidized198 to the triazole which 
crystal lised as colourless prisms from ether, m.p. 
109-10°. Yield 4.575 g (95-5%). (Cale. mass: 209 .095293; 
found: 209.094608). The IR and UV spectra were 
similar to those of 3-phenyl-v-triazolo[l,5-a ] pyridine, 
A 260, 281, 295, 321 mµ. 
max 
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(c) 3-Methyl-v-triazolo[l,5- a]pyridine . To 20 . 0 g 
2 -acetylpyridine hydrazone 203 in 165 ml ether was a dded 
12 g Mgso 4 and 37.5 g silver oxide under cooli ng with 
cold water (10-15°). The reaction was strongly 
exothermic and a si l ver mirror was £ormed. Arter the 
initial reaction was over, the mixture was re£luxed £or 
1 hr ., £ilte ed , the precipitate washed thoroughly with 
warm ether , the solution concentrated and the residue 
recrystallised rrom ether to give 16.5 g triazole 
(84%), m.p. 84-85° (lit. 204 84-85°); M+ 133 (er. 
Table Sa). 
(ct) Triazolo[4 ,5-b]pyridine was prepared by 
diazotiz tion191 or 2,3-diaminopyridine in acetic acid . 
o heat was evolved . • 0 The mixture was heated to 75 o n 
the water bath , remov d, llowed to stand l hr . , cooled 
0 to 0, iltered , the crystals washed with ice-water , 
and dried at 120° . 0 Yield 4.70 g (85 . 5%), m. p. 201-2 
(dee.). Recrystallization rrom ethanol gave colourless 
crystals, m.p . 201 . 5-2° (dee.) (lit. 205 195°) , M+ 120 
(72%), [M-28]100%, [M-2 -27]35%. Diazotization in 
hydrochlori c acid gave a 45 . 5% yielct . 205 
202 
( ) Triazolo[4,5 - c]pyridine was similarly prepared; 
yield 83 . 0%, m.p. 241- 41.5° (lil. 240206 , 244207), M+ 120 
(100%), [ M- 28] 77%, [ M-28-27] 43% . 
4 . Tetrazolopyridines, tetrazolopyrimidines and 
a zido-ana logues could almost uniformly be obtained by 
208 Boyer ' s method. 
(a) To 2.64 g 
(16 . 7 mmole) 2-bromopyridine and 1 . 3530 g (16 . 7 mmole) 
potassium azide-1- 15 (vide supra, 1 (b)) contain din a 
ground glass-joint vessel was added a magnet and 22.0 ml 
10% ethanol containing 1 6 . 7 mmole hydrogen chloride . The 
flask was stoppered immediately, the stoppers cured, and 
the mixtur stirred magnetically for 1 week at 45-50° 
afte whi h tim the homog neous solution w s heat d to 
0 60 on th wt r bath, a llowed t rystallise slowly at 
40-45°, lat rat room temperatur, nd finally at -10 ° 
overnight. Th c ystals w re filt red without su tion and 
the filtrat mo d for 1 te use . The crystals were 
washed with 10% ethanol (cool d to -20°), and dried in 
v uo o r JOH: yi ld0 . 9966g(50%); m.p. and mi ed m. p . 
with uthenti, unlabell d sample prepare d by Boy r's 
20J 
208 
metho d : 152 . 5-5J . 5° (uncorr . ). Boyer's me t hod 208 
gave J4% yie ld b a sed o n potassium azide. The yie ld 
obtained he e appeared o be optima l. A w · de variety 
of diffe i ng conditions gave l ower o r i dentical yields. 
2-Iodopyri d i ne reacted faster (24 hr . ) but the p oduct 
was of p oore quality and the yie ld l ower, 
The exc ess hydrazoic a cid- 15 i n the filtrate fr om 
tetrazo l opyridine- 15 was distilled into a solutio n of 
sodium methoxide in metha nol-ethe with the aid of a 
vacuum l i ne , and the p r ecipitate washed with methano l -
ether (1: ) to give 0 . 218J g (2 0%) 
v ' 2120 , JJ8J c m- l ( ujo l ). Total 
thus 70%. 
d . · ct 15 so ium azi e- , 
e cove y o f 
pyroly sis of t etrazolo[ l,5-a] pyrid i ne - l (J) 
(cf . Se c ti o n 2.2) ~ 
1 5 
15 
was 
o.40 g o the d isti lled pyro lysate , containi ng 2 and 
J -cyanopyr o le i n the r ti o 4:1 , together wit h a ew 
per ce nt o f 2-aminopyridine and gluta o n o nitri le , as 
added to g p otassium hy d oxide in 10 ml water and the 
mixture kept at 100° ( volution of ammonia) for 42 hr . 
t was coo l d , c idi fied with JO% H2so4 , and wate was 
added until the p recip itated p otassium sulphate diss o l ed. 
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The solution was extracted thoroughly with ethyl 
acetate, the extract dried ( a 2so4 ) and evaporated t o 
dryness. The product was sublimed at 100° in high 
vacuum to give a white powder, 0 .24 g, m.p. 
(decarboxylation) 158-59°; m.p. (sublimes)~ 170° on 
rapid heating. The IR spectrum was identical with that 
of a sample of pyrrole-2-carboxylic acid obtained in 
the same way from 2-cyanopyrrole. This sample 
0 
melted with decarboxylation at 185-87. Pyrrole-J-carboxyli 
0 0 
acid melts at 147-48 and decarboxylates at 165-90 
(ref. 209). The two samples had also identical mass 
spectra except for different l5_contents M+ 111. 
(b) Tetrazolo[l,5-a]pyrimidine C!.:uJ. A mixture 
of 2.0 g (0.0165 mole) 2-chloropyrimidine, 2.J g 
(0.0354 mole) sodium azide, and 21,7 ml 10% ethanol 
containing 0.0165 mole HCl was refluxed for J hr. , 
kept at 40° for 8 hr., then refluxed for l hr; a tive 
carbon was added, the mixture filtered hot and allowed 
to crystallise at -10° which gave 1,25 g tetrazole (59%) 1 
0 
m,p. 119-20. Recrystallization from ethanol gave 
0 
colourless crystals, m.p. 119.5-20, undepressed on 
210 
admixture with a sample prepared by Shirakawa's method • 
The IR spectra of the two samples were also identical, 
205 
, ( - 1) v CHC13 , cm : 2165w , 21JOs , 1615s , 1400s , 1J20s , 
107 0s. ( n ujol) : JlOOs, 1620s , 15J0s , 1510s , 1490s , 
1465m, 1J95s , 1J7 0s , 1JJ5s , 1265s , 1160s , 1100s , 985s , 
925s, 800s, 785s. 
(c) 5,7- Dimethyltetrazo lo[l ,5-a]pyrimidine (78) 
( c f. Temple~- ai. 154 ). The fi rst IR spe c trum o f a 
solution in CHClJ at 22° showed no 3-band. It 
developed in the course of JO min during which time 
the c ell warmed to J0°. Fu ther heati ng to 45° 
caused the 3 - band to increase further . On this 
basis the foll owing bands are assigned to the azide 
tautomer : 2145s, 2125s, 1595s , 1J40s, 1070-60s. From 
the spectrum in ujol the following bands are assigned 
to the tetrazole tautomer : J070s, 1640-25s (several 
bands), 15JO , 1460 , 1J80 , 1J50, 1J25 , 1245 , 1200 , 1100 , 
-1 995 , 780 c m • 
(ct) 4-Methoxy-6-methyl-2-methylmercaptopyrimi d i ne 
( 1J2) • 
211 ) Them thod was adopted f om Jo hns. 47.0 g (0.27 mo le 
6- hlo o-4-m thyl-2-methylm aptopyrimidine in ether 
was add d dropwis e to a sti ed mi ture of 100 ml 
methanol nd 27 g sodium metho ide (0 . 50 mole) in a 
206 
flask fitted with a reflux condenser . After addition , 
the mixture was refluxed with stirring for JO min , the 
solvents removed i n vacuo, ice-water was a dded , the 
mixtu e extracted with ether, the ether phase washed 
with water, dried ( a 2so4 , active carbon), and 
evaporated to g ive 45 .5 g (0.27 mo le ; 100%) 
6-methoxy-derivative as a yellow liquid. It was pure 
according to the mass spectrum (M+ 170) with no trace of 
a dimethoxy- or a chloro-derivative . 
(e) 5-Methoxy-7 methyltetrazo lo [ l , 5-a]pyrimidine (71). 
8 . 50 g (0 .05 mole) 1J2 was heated with sodium azide and 
208 
ethanol-hydrochl oric acid in the usual way for J days, 
a nd after cooling, t he white solid was collected and 
recrystallised fro m benzene to give O. JJ g p roduct, 
o ( . 210 0) m.p. 160 lit. 16J-5 . 7 . 8 g Starting material 
was recovered from the filtrate . 
This c o mpound was a lso prepared from 
7-methyltetrazolo{1,5-a ] pyrimidin-5(4H) -one (74) 
(vide inf a, (g)) via the 5-chloro-derivative in the 
212 
same way as t h e 5-ethoxy-de ivative was prepared. 
Yie ld 68%, m.p. 160-61° fro m methanol . The two 
samples had i denti a l IR, NMR a nd mass spectra. ( al • 
mass: 1 65.065056; found : 1 65.0652 19. ) The IR spe c tra 
207 
in CHClJ and ujol were very similar to those of the 
5,7-dime thyl-derivative (78) . The solution was 
initially transparent in the azide-region but a band 
-1 
at 21J5 c m developed rapidly, increasing in intensity 
with time and temperature, both in CHClJ and in cc 1 4 • 
-1 Bands at 1600 and 1J50 cm increased at the same time. 
In ujol : J050s, 1645s, 1540s (several bands), 1470s 
(several bands), 1J90s, 1J75s, 1J50s, 1J40s, 1220s, 1160s, 
1100s, 10J7s, 997m, 984m, 940s, 878s, 790s, 774s, 655s . 
The NMR spectrum is reported in Table 11. 
(f) 7-Methyl-5-methylmercaptotetrazolo[l,5-a]-
pyrimidine (72) . 
212 The reported procedure was simplified as follows: 
A solution of 8.0 g 5 -chloro-7-methyltetrazolo [ l,5-a ] -
pyrimidine and 8 .0 g thiourea in 320 ml ethanol was 
refluxed for 35 min, evaporated to dryness, and he 
residue methylated directly by shaking with 100 ml 
aOH and 10 ml methyl iodide for 40 min. The solid 
product was collected, washed well with water, and 
recrystallised from ethanol to yield 5 . 25 g (61.5%) 
product, m.p. 150-51° (lit . 212 151-2°; JO% yield), 
M+ 181. The initial IR spectrum (CHClJ) showed a very 
0 
w ak J-b nd which incre sect to strong in JO min at JO; 
208 
v' 2132, 2150(sh); other azide bands: 1580s, 1J70s, 
1295s, 1100s; tetrazole bands ( ujol and CHc1
3
): J050, 
16J5vs, 1442vs, 1J70m-s, lJl0s, 1245s, 1105s, 1005s , 
l0J0m- s, 990s, 908s, 875s, 785s, 770s . 
(g) 7-Methyltetrazolo[l,5-a]pyrimidin-5(4H)-one (~) 
was prepared by Brady and Herbst213 in 40% yield by 
refluxing 5-aminotetrazole, ethyl acetoacetate, and 
piperidine in ethanol for 48 hr. The same procedure was 
used here except that a boiling stick was added . After 
48 hr. the boiling stick with adhering crystals was 
removed (45% yield) and reflux continued with a new 
stick for another J days which afforded an additional 
10% yield of large, colourless, rhombohedra, m.p . 
247-8° (lit. 213 247-8°), not changed after 
recrystallization . Chilling of the mother liquor 
afforded a further 5% yield. Evaporation of the filtrate 
gave a 20% recovery of 5-aminotetrazole . 
5 h d d . ti 21 J The compound, described as the - y roxy- e iva ve 
155) exists in the keto-form (cf. Temple et. al . as 
-1 
evidenced by a strong carbonyl band near 1690 cm • It 
is almost insoluble in all ordinary solvents at 
ordinary temperature, but dissolves in aq. a0ft, DMF , 
and DMS0 on warming . 
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(h) 4 1 5-Dihydro-4,7- dimethyl 5-oxotetrazolo-
[1,5-a]pyrimidine 
( 155 ( cf. Temple et. al. ) • To 0 . 35 g _4 . 6 mmole) 
sodium hydride in 8 ml DMS0 were added 2.0 g (lJ .24 
mmole) 74, followed by 1.1 ml (17,b mmole) methyl 
iodide in 4 ml ether at room temperature, and the 
mixture stirred for 10 hr. Ether and water was added, 
the mixture filtered, and the precipitate washed with 
water. The filtrate was neutralized, extracted with 
chloroform, the extract washed with water and 
concentrated to give 0.93 g, m.p. 155-70°. The first 
precipitate weighed o . 64 g, m.p. 175° (lit. 155 180°). 
the IR and UV spectra of the two crops were identical , 
the latter very similar to the UV spectrum of the 
starting material (A 244, 261(inf1.)). The IR 
max 
spectrum (CHC1 3 ) showed no trace of an azide band; 
thus non of the 0-methylated compound (71) was formed, 
and there was therefore no interest in this impure 
product. 
(i) 4-Azido-2,6-dimethoxypyrimidine (79). --a: 
A mixture of 8 .73 g (0.05 mole) 4-chloro-2, 6-dir ethoxy-
pyrirnidin , 6 . 5 g (0.10 mole) sodium azide, 
and 66 ml 10% ethanol ontaining 0.05 mole hydrogen 
210 
0 chloride was refluxed for 10 hr. , cooled to 0 , and 
filtered to give 5.28 g product which liquefied a t r o om 
temperature . VPC analysis (Column C, 125° -4 2°/ min , 
60 ml He/min) showed that it was a 1:1.4 mixture of the 
starting material and an azide, m.p. 37-38° , A 273 
max 
mµ (the chloride has Amax 259 mµ (c 6 tt12 ); both had a 
second band at 220 mµ). R (CHC1
3
, , or LF) showed a 
-1 
very strong azide band at 2120 cm ; also 1600vvs, 1490 , 
-1 ( 1480, 1420, 1360, 1125, 1110, 1055, 985, 830 cm all 
strong) . The compound did not add water (contrast 
Albert214 and Temple 158 ) and there is no evidence for 
the presence of a tetrazole tautomer . The NMR spectrum 
showed a singl tautomer in CDC1 3 
and DMS0 (Table 11). 
The latt r solvent is known to stabilize the 
tetrazolo-form. 158 Mass spectrum: M+ 181 (76%), 
[M-28+2] 16%, [M-28] 6%, [ M-28-15 ] 100%; [M-28+2 ] 
remain dafter pumping th azide away, and is presumably 
due to th amin. When all-glass heated inlet at 200° 
was used, only the amine sp ctrum ppeared. 
b: 2 . 50 g of th chloride was treated as 
bov but r flux d for 48 hr. , aft r which time some 
chlorid which had sublim d into the condenser was 
combin d with th e ction mi ture and r flux continu d 
or 48 hr. with a fr sh portion of sodium azid (1.8 g). 
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After cooling, 2 . 16 g (83 . 5%) o nearly p u e azide 
was obtained, m.p. 34- 38° ; IR and NMR spe c tra as above . 
(j) 4-Hyd azino-6- methyl-2- methylmercaptopyrimidine 
(133) and 2,4- dihydrazino-6-methylpyrimidine (134) . 
A mixture of 45 . 5 g (0 . 27 mole) 132 ( vide supra , ( ct )), 
250 ml ethanol, and 17.5 g 85% hyd azine hydrate 
(0 .30 mole) was refluxed for 72 hr. , evaporated to half 
volume , cooled to -10°, filtered, and the precipitate 
washed with light petroleum to yield 3.6 g (8 . 7%) 134 , 
0 
m.p. 200-202. Recrystallization from ethanol raised 
the m.p. to 210-12° (lit . 215 213°) ; M+ 154. ( ale. for 
c 5H10 6 : C, 38.95 ; H, 6.54 ; , 54.51%; found: C, 38.65 ; 
H, 6.20; N, 54.81%). Evaporation of the filtrate f om 
134 and a ddition of light petroleum caused 
precipitation of 10.4 g (22 . 3%) 133 , m.p. 135- 6° f om 
ethano l / light petroleum. One further recrystallizatio n 
gave m.p. 140-42° (lit . 216 142-3°) ; M+ 170 . ( Cal e . f o 
c6 H10 4s: C, 42 . 3; H, 5.88; , 32.95; S, 18.82%; found: 
C, 42.02; H, 6.14 ; , 33.16 ; S , 18.64%. ) Evapo ation 
of the fil rate from 133 gave J l.4 g (69%) stating 
mate i 1 . 
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( k ) 7-Methyl-5-methylmercaptotetrazolo[l,5-c]-
pyrimidine ( 70) . 
To 2 . 52 g (0 . 0148 mol e ) lJJ in 7.5 ml JO% acetic aci d 
was a dded 1.12 g (0 . 0177 mole) dry sodium nitrite at 
room temperatur (cf . Shirakawa2 10 ) . After standing for 
1 hr., the solid was collected, washe d with water and 
dried in vacuo t o yield 2.7 g (100%) crude tetrazole, 
0 
m. p . 6 5 - 66 . Recrystallization from benzene/ light 
petroleum (active c a rbon) g ave colourless crystals 
(88% ), m.p. 66 . 5 - 67 ° without decompos iti on; M+ 181 . The 
compound behave d like t he dime thoxy-derivative (79) on 
mass sp ctrometry . 
J . 86; , JS . 6 ; S , 1 7 . 7%; found: 
JS . 77; , 17 . 8% . ) 
C , J9.8; II, 
, 40 . 09; H, 4 . 09; 
Th compound existed a lmos t exclusively as the 
tetrazol in th solid stat , and part ly as azi d e in 
solution or at levated temperat ure . IR ( ): weak 
- 1 bands at 2120, 2150 cm ; strong tetrazole bands at 
16 00, 1570, 1540-20, 146 0( CHJ), lJS0-70, 1J25 (SCH2 ), 
- 1 1J l 5, 1025, 8J5 cm . Gradua l heating of the nujol 
0 · ct s u sp nsion to 100 caus d de elopm nt of strong azi e 
-1 bands at 2120, 2150, 1570, 1540, 1J80, 1J40 cm , 
whereas tetr zole bands at 16 00, 1520, 1460-40, 1J70 -1 cm 
deer ased m rk dly . Th initial sp ctrum re a ppeare d on 
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coo ling. In CHC13 a nd cc 14 : strong a zide bands at 
8 4 -1 2120, 2150, 15 O, 1 350, 1285, 1200 , 9 5, 920 c m , and 
4 -1 medium S-CHJ bands at 14 O, 1320 c m • NMR (Table 11) 
indica te d a 1: 5 mixture of tetrazole a nd a zide in 
CDC 1 3 , and a nearly 1:1 mixture even in DMSO. 
(1) 5 ,7-Dimethyltetrazo lo [l , 5-c] pyrimidine (80) . 
Ethyl acetoacetate a nd acetamidine hydro chloride were 
converted into 2,4-dimethylpyrimidin- 6-01 2 17 and further 
into the 6-chloroderivative , 21 8 According to VPC the 
crude chloride was of better than 99% purity, and it was 
used as such in the followi ng step. mixture of 6.58 g 
(0.0477 mole) 2,4-dimethyl-6-chloropyrimidine, JO ml 
95% ethanol, and 8 ml hydrazine hydrate (99%) was 
refluxed for 2 hr., cooled a nd filtered to give the 
hydrochloride of the 6- h y draz ino-derivative. Treatment 
with potassium carbonate219 , extraction with ethanol , 
a nd evaporation of the solution afforded 6.7 g (96%) 
of the fre hydrazine, subl. - 160°, m.p. (seal ed tube) 
1 82-4° (lit. 216 192-3°) . (Cale. for c 6 tt10 4 : C, 52.15; 
H, 7,30; , 40.55%; found: C, 52.54; H, 7.40; 
, 40.61 %; IR (cHc1 3 , c m-
1 ) 1 600s, 1 65osh, 1 575sh, 3400, 
-1) 3350, 3250 (bro ct); in ujol : 3270, 3170 cm . 
I 
I 
I 
I 
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1.5 g of this crude hydrazine in 5 ml JO% 
acetic acid was treated with 0.75 g dry sodium nitrite 
at room temperature, allowed to stand for 1 hr. , coo led 
0 
to O, and filtered to give 1.15 g (78%) of the 
tetrazole . Recrystallization from benzene/light 
0 petroleum gave colourless needles, m.p. 84-85 
M+ 149 (100%); [M-28 ] 4J%, m* ; [ (M-28)-1] 54%, 
(corr.), 
* m ; 
* [ (M-28)-27 ] J5%, m • (Cale . for c 6H7 5 : C, 48.Jl; 
H, 4.7J; , 46.96%; found: C , 48.82; H, 4.85; 
, 46 . 70% .) 
( -1) IR CHClJ, cm : strong tetrazole bands at 1550 
and 1640. In ujol: only tetrazole bands, J070s, 1640-
lDv , L550vs, 1500-1490vs, ~ 1450, 1400, 1J75, 1J10, 1250, 
and numerous bands at lower frequency. Heating of the 
ujol suspension above the melting point(~ 100°) 
caused development of a medium-sized azide-band at 2120. 
At the same time new b a nds at 1585 and 1J60 a ppeared. 
The IR spectrum of the solution in CHClJ showed initially 
very weak azide bands at 2120, 2150. o apparent change 
. 2 · 1 . t JOO. occurred in O min whi e warming o Heating to 
50° caused a marked increase of the azide-bands at 
158 2120-50, 1585, and 1J60; cf. also Temple et. al. 
- ~ 
I 
This compound was not obtainable by Boyer's 
208 
method • An unidentified product, presumably due 
to hydration, was obtained. 
(m) 5,7,8-Trimethyl tetrazolo[l,5-c]pyrimidine . 
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From ethyl a -methylacetoacetate (14 . 4 g, 0.10 mole) was 
obtained 2.22 g (0 .0161 mole) of the 4-hydroxypyrimidine 
(16.1%) which was further transformed into the 
chloride in the same way as in the preceding 
preparation (1). The crude chloride was treated with 
sodium azide (0.2 mole) and 10% ethanol- hydrochlori 
acid (0.1 mole) under reflux for 24 hr. The warm 
solution was filtered through active carbon, 
evaporated to dryness, the residue extracted with 
absolute ethanol, the extract filtered, concent ated to 
partial crystallization, heated to boiling, and allowed 
to cryst llise at room temperature, giving 0.70 g 
(26.7%) of the title compound, m.p. 96-97°, M+ 16J 
(76%); [M-28] 61%, m* ; [M-29] 40%, m*; [ (M!..28)-15 ] 16%, 
m*; [(M-28)-26] J4%, m ; [(M-28)-27] 18%; [(M-2 -26)-27] 
* 100%, m. (Cale . for c7tt9 5 : C, 51 . 52; H, 5 . 65; 
42 . 92%; found: C, 51.90; H, 5 . 84; , 4J . 16%.) The 
compound xisted exclusiv ly as the tetrazole in the 
solid state; IR ( ): 1620-1600 (several very strong 
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bands), 1550, 1510-1500, 1440, 1380, 1360, 1295, 1180, 
-1 1150, 1100, 995, 815, 770 ; no absorption above 3000 cm . 
( -1 Thus the peak near 3100 cm in other spectra is due 
to the pyrimidine- H . ) A weak azide band appeared on 
heating above 100° (2140 cm- 1 ) . IR (CHc1
3
): weak band 
- 1 0 
at 2145 cm at 22, increasing to about double intensity 
t 60°,· h h ( ) a no ot er c ange was apparent . NMR CDc1
3 
: 
T 6 . 90 (s, 3H), 7 . 15 (s, 3H), 7 . 16 (s, 3H) ; (DMSO): 7.00 
(3H), 7 . 45 (6H); (TFA) : 7 . 14 (3H), 7 . 30 (3H), 7 . 70 (3H). 
The compound was completely stable to boiling water. 
Apparently, then, substitution of the 8 - position blocks 
hydration, cf . Albert, 214 and Temple, 158 and the 
preceding preparation (1) . 
(n ) 9,10- Tetrazolophenanthridine (110) . Due to 
unsatisfactory yield in th original synthesis59 , 
208 9 - chlorophenanthridine was treated by Boyer's method. 
6 . 4 g (0 . 03 mol) 9 - Chloroph nanthridine and 0 . 12 mole 
sodium azide in 125 ml 25% ethanol containing 0 . 12 mole 
hydrog n chlorid was r fluxed for 66 hr . The solid was 
filtered, washed with wat r, and recrystallised fr m 90% 
0 thanol giving colourl ss needles, m. p . 222 . 5-23 . 5 
(lit . 59 221 . 5-23 . 5° ) , yield 3 . 75 g (57%) . 
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9 - Chlorophenanthridine was prepared by Beckmann 
rearrangement of fluorenone oxime59 and isolated by a 
known procedure; 221 yield 32.5% . 
(o) 4- Azidopyridine222 was prepared by Boyer's 
method208 from 4- bromopyridine hydrochloride (0.1 mole) 
in the usual way. After 8 hr. reflux the mixture was 
cooled, extracted with ether, the extract dried ( a 2 so4 ), 
concentrated, and chromatographed (alumina/light 
petroleum) giving J.4 g (28 . J %) 4 - azidopyridine, v' 
2100- 2140vvs . M+ 120 (87%); [ M-28] 100%, m*; [(M-28)-27] 
BJ%, m . At 12 V: M+ 100%, [ M-28] 91% (MS 9, heated 
inlet at 50°). (For pyrolysis, see Table 19.) 
(p) Attempted preparation of 4-azido-
2-methylm rcaptopyridine; preparation of 2 - bromo-
4-methylmercaptopyridine. To a solution of sodium 
(2 g, 0.087 g atom) in 60 ml ethanol at o0 was added 
15 ml of methanethiol (0 . 27 mole) and 6 g of 
2-bromo-4-nitropyridine- -oxide (0 . 0274 mole). A salt 
0 pr cipitated immediat ly . The mixture was kept at 0 
for 1 hr . , then stirred a 25° for J hr., and finally 
0 
at 50, stoppered, for 1 hr . After dilution with water, 
xtraction with thyl ac tat, cone ntration, and drying 
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over a0H, a red oil (2.4 g) was obtained. The IR 
spectrum show d no bands ascribable to a sulphoxide, but 
strong bands at 1210-40 cm-l ( -oxide). The oil was 
heated for 1 hr. with 60 ml acetic acid and 5 g iron 
0 
powder at 100 . After cooling, b asification, extraction 
with ether and ethyl acetate, drying of the extract, and 
removal of solvents in vacuo, 2.0 g of a compound was 
obtained . The -oxide band in the infrared h a d 
4 -1 disappeared . Very weak amine bands at J -J500 cm were 
apparent. Vibrodistillation at 60 ° gave a colourless 
liquid; MR: two groups of peaks at T 1.7-1.9 and 2.7-J.J , 
and a singl t ( s-ctt3 ) at T 7.5; ratio 1:2:J. The mass 
spectrum (M 9, direct inlet) showed that th compound 
was a methylmercaptobromopyridine, as evidenced by 
sulphur and bromine isotope peaks, M+ 20J, 205; loss of 
Br, Br+ CIIJ' and Br+ HC . Synthesis of 4- azido-
2-methylmercaptopyridine was then abandoned. 
(q) Trim thylenetetrazole (12J) was prepared from 
2-m rcaptopyrrolin by conv rsion to the thio ther and 
th n displacement by hydrazoic acid (Boy rand Miller160). 
Th se work rs obtained a J yield of th fre thioether 
by extraction of the neutr liz d solution of th 
hydr · odid with ther . In th pr sent cont xt a 
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quantitative yield was obtained by extraction from 
strongly alkaline solution . The thioether was treated 
with hydrazoic acid (2 moles) at 40°, stoppered, for 
8 hr . , and then under reflux for 5 hr . The solution was 
evaporated and the product recrystallised from xylene to 
give the pure tetrazole, m. p . 109 - 10° (4 . J2 g from 8 . 15 g 
thioether; 55 . 8% yield). From the filtrate was obtained 
a second crop of 0.41 g (5 . 25%), m. p . 106° from 
chloroform/p troleum . Thus the reported yield1 6 0 was 
tripled, and the reaction time was reduced to one third. 
5 . Preparation of nitriles . 
(a) 1 - Cyanocyclopentadiene, CCPD (2) . The following 
is a modification of Peters ' procedure . 139a To a 
solution of Thiele's acid (dim ric cyclop entadi n e -
1 - carboxylic acid)(J . O g) and ethyl chloroformate (J . 02 
g; 98%1 in dry tetrahydrofuran (THF) (50 ml) at o0 was 
added, dropwise and with stirring, 2.76 g triethylamine . 
Aft r standing for J hr . , ammonia gas was led into the 
mixtur at o0 for JO minutes with stirring; the mixture 
was 1 ft stoppered overnight, the thick pr cipitate 
filter d, and the solution vaporated to give 1 g impur 
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urethan from which 0.57 g (23%) pure urethan sublimed 
at 40°. The solid was dissolve d in water, and Thiele's 
amide precipitated on acidification ; yield 2 .30 g (77%), 
m.p. 200-202° (1it . 139a 202°), from which the dimeric 
nitrile was prepared as reported. 139a The monomeric 
nitrile was obtained by gas chromatography of the dimeric 
nitrile (Column B, 100°---, 125°; injection port 250° ; 
60 ml He/min) and was in all respects identical with 
CCPD prepared in other ways (see 6 (a)). 
(b) R actions of cyclopentadienide with cyanates. 
Al 1 t 223 l 224 l h · 1 ky cyana es and ary cyanates add nuc eop 1 es 
and carbon acids to the C: bond with formation of 
interm diate compounds which d compose into nitriles. 
223 Alkyl cyanates are also powerful alkylating agents and 
w re expect d to alkylate cyclopentadienide. ( i) - To 
sodiwn cyclopentadienide (from 0 .555 g (0.0084 mole) 
cyclopentadien and 0.202 g (0.0084 mol) sodium 
hydride) in 25 ml dry TIIF at o0 was a dded dropwi se 1. 00 
g (0.0084 mol ) phenyl cyanat in 10 ml TI-IF under argon, 
whil stirring magnetically. After standing for 1 6 hr . 
at room t mp rature, the rd-brown solution was 
concentr t din vacuo, and dilut sulphuric acid was 
add d. xtraction with th r gav a dark red-brown oil 
which was distilled in high vacuum (100°). The 
distillate (0.22 g) was subjected to VPC (as in (a)) 
which gave phenol (15%) and a mixture of phenol and 
221 
a nitrile which eluted only on programming above 125°, 
a property of Thiele's nitrile. The nitrile was freed 
partly from phenol by re-injection . The eluting sample 
gave an IR spectrum consistent with a mixture of CCPD and 
phenol. Apparently, phenol adds to the dimeric nitrile 
(cf. ref. 1J9a) . 
(ii) - The same result as in (i) was obtained when 
cyclopentadienylmagnesium bromide was reacted with 
phenyl cyanate. 
(iii) - The products from sodium cyclopentadienide and 
isobutyl cyanate as in (i) were gas chromatographed as 
a bove. From the chromatograph was isolated 
isobutylcyclopentadiene (iBuCPD, 7,5%, Rt = 4 min) a nd 
dicyclopen tadiene (not estimated, Rt = 11 min) . and 
minute a mounts of other, higher boiling compounds (vide 
infra) . 
(iv) - When cyclopentadienylmagnesium bromide was used as 
in (iii), isobutylcyclopentadiene (2%), dicyclopentadiene 
(not estimated), isobutylcyanocyclopentadiene (iBuCCPD, 
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~1%; eluting only on programming), and 
diisobutylcyanocyclopentadiene (iBu2CCPD, ~ 1%, only on 
progra mming) were isolated by gas chromatography. 
iBuCPD : IR: J050s, 2840-2960vvs, 1475s, 1J90s, 1J75s, 
1170s, 950m, 9JOm, 900s. M+ i32 (22.5%), [M-15] 4%, 
[M-42] J1%, [ M-4J] 100%, [ M-45 ] 24%. NMR : TJ.65 (d) 
+ J.90 (m) + 4.05 (m), (JH); 7 . 15 (d, 2H), 7.65-7.80 
(m, 2H), 8 . 20 (m, lH), 9 .10 (d, 6H) . 
iBuCCPD: IR: 2960-2860vs, 2215s, 1475s, 1400s, 1J85s. 
M+ 147 (20%), [ M-42] 100%, [M-4J ] 95%, [ M-42-27] 35%, 
[ M- 4J- 27] 20%; M+ and (M-42)+ attained equal intensity 
at lJ eV . 
iBu2CCPD: IR similar to above . M+ 203 (JO%), [ M-15 ] 12%, 
[ M-42] 57%, [ M-4J] J 6%, [ M-56] JJ%, [ M-57] 18%, [ m/ e 119] 
28%, [ m/e 118] 52%, [M-42-56 ] 100%, [ M-43-56 ] 82%. 
The structures of these compounds remain, of course, 
uncertain . 
(c) Protonation of sodium cyanocyclopentadienide. 
To a mixture of 0 . 48 g (0.02 mole) sodium hydride and 
10 ml dry th r, stirring at -80° under nitrogen, was 
added 1.82 g (0.02 mol e ) freshly distill ed CCPD in 10 ml 
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dry ether. The cooling bath was removed, 5 ml dry THF 
was a dde d, and the mixture stirred at room temperature 
for 1 hr., after which time hydrogen evolution had 
ceased . The solution was cooled to -50°, 1.7 ml TFA in 
0 10 ml ether was added, the mixture warmed to O, JO ml 
ice-cold water was added, the ether-phase separated in 
the cold-room (-10°), washed twice with ice-cold water, 
dried briefly by shaking with anhydrous sodium sulphate, 
decanted, a nd evaporated at -10 to o 0 • The IR and UV 
spectra were identical with those of the starting material 
( 1-CCPD). 
(ct) l-Cyanocyclopentadiene-5-D was similarly 
prepared by addit,ion of 10. 0 ml 4 n2 so4 to the sodium 
salt from 1 . 755 g CCPD in THF/ether. The organic 
solvents were removed in vacuo below o 0 , the residue 
0 
was extracted with ether, dried over Mgso4 at -10 , 
0 decanted, concentrated below O, and distilled 
0 instantaneously in high vacuum by heating to 50. The 
distillate was d egassed, dissolved in c c14 , and 
filtered through cotton wool which produced a clear 
solution . This was us ed for IR and NMR spectroscopy 
(cf. ction 1. 6 ). 
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(e) l-Cyano-1-butylindene (135). Indenyl lithium 
from indene (2.32 g) and excess butyl lithium ( 
2
, 
hexane, o
0
) was treated with phenyl cyanate (2.J8 g) 
in ether at o
0
• Heat was evolved and a precipitate 
formed. The mixture was stirred at o0 for 1 hr., 
diluted with water, extracted with ether, the extract 
dried, evaporated, and subjected to VPC analysis, which 
revealed indene as a minor constituent,and a high-boiling 
nitrile (Rt 62 min; Column A, 150° ~ 2°/min to 200°; 
) -1 -1 cf. Table 17 , v 22J6 cm , i.e. 5 cm higher than any 
- C 
other cyanoindene (Table 17). The intensity of the 
CN-band was considerably less than for conjugated nitriles, 
and there was strong aliphatic absorption at 2850-2950 
-1 
cm The compound was unaffected by shaking with 
2 Na0H . M+ 197, 2 . a%, ; (m/e ( % of base)): 182 (trace), 
168 (trace), 155 (2.2), 154 (2.8), 141 (100), 140 (2.7), 
129 (2.1), 128 (6.J), 127 (4.1), 115 (5.0), 114 (9.5), 
llJ (5.5); at 11 eV: M+ 100%, 141 (45%). The prominent 
m/e 141 corresponds to cyanoindene (loss of butene). 
The compound did not exchange with n2 o in the inlet system 
(150°). Therefore m/ 141 is not due to thermally 
formed cyanoinden, and the compound is a 1,1-disubstituted 
indene (cf. Table 17). NMR (100 Mc): r2.5, 2 . 75 (4H, 
aromatic ); J.20 (d, lH, H(J)); J.65 (d, HI, H(2)); 
225 
8 . 0 - 9 . 0 ( 6H, CH2 ); 9 . 09 (t, 3H, CH3 ); J 23 = 5.5 cps. 
The assignment of signals to H(2) and H(3) is on the 
basis of spectra of l,l- dimethylindene 225 and 
l,l,3- trimethylindene . 226 The UV spectrum (Table 17) 
was similar to that of indene, but Amax showed a 
bathochromic shift of ca 10 mµ. 
Pyrolysis of 50 mg 135 at 6 15°/0 . 005 mm gave a 
l : l mixture of 2 - and 3-cyanoindene (14 mg, 39%), and 
butene (identified by its mass spectrum after trapping 
in liquid nitrogen). 
Reaction of 3 - cyanoindene with butyl lithium 
(l mole, 2 , hexane, o
0 ) produced the rust- red lithium 
salt from which, after addition of water, 3 - cyanoindene 
was r covered in purity ~98%. No explanation for the 
above formation of 135 can be advanced at present . 
(f) l - Cyano- 2,3,4,5 - tetrabromopyrrole. 
l - Potassiopyrrole (0 . l mole) was obtained by addition 
of 3 . 9 g potassium (0 . l mole) in liqu id ammonia to 6 .7 g 
l ( 0 l l ) · 1 · · d . 227 f ll d b pyrro e • mo e in iqui ammonia, o owe y 
evaporation . The dry salt was suspended in ether, and 
l0 . 6 g cyanog n bromide (0 . l mole) in ether was added 
dropwise at o0 during l hr . Th mixtur was then 
stirr d t room temp ratur for 2 hr. The thick dark-
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green mixture was filtered, the solid washed well with 
ether and the combined ether layers evaporated in vacuo 
to yield 11.3 g dark green-brown semicrystalline material 
[ -1 4 -1 Ve 2260 cm ; strong NH-bands at 3 -3500 cm 
(pyrrole)] which was left at -10° for 8 hr~, poured 
onto a glass filter and washed well with cold light 
petroleum. The crystals were taken up in benzene and 
the solution was filtered thrnugh active carbon 
repeatedly until an almost colourless solution was 
obtained. This was evaporated to dryness, and the solid 
0 
was recrystallised from petroleum ether (b.p. 80-100) 
to give colourless needles, m.p. 137-38° (4.60 g; 57% 
based on bromine). The compound was insoluble in water, 
slightly soluble in petrol um ether and carbon 
tetrachloride, and very soluble in benzene, chloroform, 
ethanol, and ether . It had no proton magnetic resonance 
spectrum. Pyrolysis at 500° gave bromine. IR spectrum: 
-1 ( VCN 2260 cm no NH in spectrum). Mass spectrum (MS 9, 
direct inlet): M+ 404 (lowest isotope; isotopic pattern 
indicative of Br4-compound; c
13
-isotope peaks confirmed 
the formula c5Br4 2 ); loss of C, Br (m* ), Br+ (c ) 2 , 
2 Br, 2 Br+ C, 2Br + (C ) 2 , 3 Br, 3 Br+ C, 3 Br+ 
( c ) 2 , 3 Br+ (c ) 2 + c2 , 4 Br, 4 Br+ C, and 4 Br+ 
{c >2· 
227 
Pyrrole in liquid ammonia treated with sodium amide 
gave apparently the same compound, but it was not 
obtained pure, and the yield was very low. 
(g) 2-Cyanopyrrole? 2.15 g (O.OJ2 mole) Pyrrole 
in ether was added to butyl lithium (O . OJ2 mole in 20 ml 
hexane) at -78°. The mixture was allowed to warm to 
room temperature with stirring which produced a white 
solid in suspension. It was cooled to - 78° again, and 
J.40 g (O.OJ2 mole) cyanogen bromide in ether was 
0 added dropwise with stirring at -78 to -50 with formation 
of a dark blue-green solution. The mixture was warmed 
to o
0 
and stirred for 1 hr . Active carbon was added, the 
mixture filtered, and the filtrate concentrated in vacuo 
to give a dark liquid 22JO, v H J400 -1 cm spectrum 
very similar to that of 2-cyanopyrrole]. Extraction with 
petrol um ether, decolourization with carbon, and 
evaporation gave very little clear green liquid which 
did not show a C -group in the infrared. The spectrum 
resembled that of pyrrole. After a few minutes at room 
temp rature it decomposed spontaneously, giving a black 
tar and black smoke . The black residu from the 
petrol um extract dissolv din chloroform with intense 
dark-gre n colour. o d finit mat rial could be 
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isolated from it. Mild explosions resulted each time 
extracts were concentrated. 
(h) l-Cyano-3,5-dimethylpyrazole. The method is 
adopted from ref. 228. 2.27 g Cyanogen bromide (0.02135 
mole) in 20 ml dry benzene was added to a solution of 
4.10 g 3,5-dimethylpyrazole (0.0427 mole) in 100 ml 
benzene at 60° with stirring. The resulting mixture was 
refluxed (1 hr.) with continual stirring, during which 
period the pyrazole hydrobromide precipitated (3.51 g; 
93%). The mixture was filtered after cooling, benzene 
was removed in vacuo, and the residue was distilled from 
a bath at 60°/10- 3 mm to give 2.0 8 g (80.5%) title 
o -1 ( ) compound, m.p. 37-38, Ve 2256 cm ; Amax c6tt12 232 
mµ; M+ 121 (100%), [ M-1] 21%, [ M-15] 32%, [ M-27] 3%; 
MR (se Table lJ); purity> 99% by VPC. It was very 
lachrymatory, a general property of -cyanodiazoles, and 
was in all resp cts identical with the compound prepared 
by pyrolytic means (vid infra, 10b). 
(i) 1-Cyanopyrazole was prepar din the sam way 
from pyrazole. The th oretical amount of pyrazole 
hydrobromide precipitated during addition of cyanogen 
bromid. Th filt rd reaction mixture was diluted with 
a large quantity of petroleum ether and evaporated 
(otherwise the product will distil with benzene). 
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at_ 0 4 - 1 ( ) Yield 78~, m.p . 37 ; ve 226 cm ; Amax e 6 H12 
mµ; M+ 93 ( 100%), [ M- HeN] 35%, [M- e ( 40)] 19%; 
( see Table 13). 
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NMR 
(j ) l - eyano-2,4- dimethylimidazole and l-cyano-2, 
5 - dimethylimidazole were prepared from 
2,4(5) - dimethylimidazole in the same way; 93% of the 
imidazole hydrobromide precipitated during addition of 
cyanogen bromide . The mixture was refluxed for a few 
minut s, cooled to room temperature, filtered, evaporated, 
and the residue distilled in high vacuum (60°) to give 
82% lachrymatory title compound which, according to its 
MR spectrum, was a 2,5 : 1 mixture of the two possible 
isomers (Tabl 13) of which the major one, for reasons 
of steric hindrance,was assumed to be the 1,2,4-tri-
substituted imidazole . The major isomer was solid 
0 
and was isolated pure by filtration, m. p . 63-64 . It 
was identical with the l - cyano-2,4-dimethylimidazole 
prepared by pyrolysis (s llc); MR: Table 13. The 
liquid filtrat was a 1 : 1 mixtur of the two isomers 
according to NMR . The two isomers both had ve 2253 
- 1 ) ( ) c m (eci4 or LF . 5 4 - eyanoimidazoles hav 
~-- I 
-
2JO 
Ve ~ 2230 cm-l (ref. 229). l-Cyano-2,4-dimethylimidazole 
had " max (c6tt12 ) 2JJ mµ; M+ 121 (100%), [ M-1] 17%, [ M-15] 
1%, [M-27] 17%, [ M-41] 17%, [ M-2HC ] 18%, [ M- CHJC -HC] 
60%, . 
(k) 9 -Cyanocarbazole (111). To 5.2 g carbazole 
(O.OJll , mole) in 100 ml dry ether was added 0.75 g 
sodium hydride (O.OJ12 mole), with a trace of sodium 
methoxid e as catalyst, and the mixture refluxed for 12 
hr., 0 then cooled to -JO . 5 g Cyanogen bromide (0.047 
mole) in ether was added , the mixture was allowed to 
warm and then refluxed for 1 hr., filtered, and 
concentrated in vacuo. 5.3 g (89%) 9-Cyanocarbazole 
containing a trace of carbazole resulted. It was 
purified by chromatography on a short column (10 cm) of 
dry alumina/dry ether [ the alumina and ether must be 
dry; otherwis hydrolysis takes place]. vc ( ) 2235 
cm-
1
, no H-absorption in the spectrum (Cale. mass: 
192.068745; found: 192.069318. M+ 100%, [ M- HC ] 5% (m* ), 
[ M-H2C] 8%, [ M
2
+] 10%; the spectrum was identical with 
that of 4-cyanocarbazole (vide infra). Alkaline 
hydrolysis230 afforded carbazole (94%). Pyrolysis at 
700-900° gav increasing amounts of carbazole as judged 
from th IR and UV spectra. 
2Jl 
(1) trans-2-Methyl-2,4-pentadienonitrile (86). 
To 2.78 g trans-2-methyl-2,4-pentadienoic acid140 in 
25 ml methylene chloride at o 0 was added J.687 g 
chlorosulphonyl isocyanate (cf. ref. 172) with stirring 
during 25 min, and the resulting solution was stirred 
0 
at 22 for lJ hr., 0 and then refluxed at 40 for J hr . 
Triethylamine (J.5 ml) in methylene chloride was added 
at o
0 in the course of 25 min, and the resulting 
mixture was stirred at 22° for 2 1/2 hr., and poured 
onto ic The organic phase was separated, the aqueous 
phase extracted with ether, the combined organic layers 
dried (Mgso 4 ), the solvents removed in vacuo, and the 
resulting liquid distilled in high vacuum (50°) to yield 
1.66 g (72%) product, in all respects identical with the 
product of pyrolysis of 1-cyano-J,5-dimethylpyrazole 
which was assigned the same structure. Physical data 
are reported under l0(b). 
(m) T trolonitrile (88). A mixture of 11.9 g 
propargyl bromide (0.1 mole), 7 g potassium cyanid (0 . 108 
mole), and 50 ml dry DMF was stirred at 20° for 14 hr., 
filtered, diluted with water, extracted with pentane, 
evapor ted, and distill d at 50-60°/50 mm; 2 g of a 10% 
solution oft trolonitril in propargyl bromide was 
ob tained; the former was identified and isolated by 
gas chromatography; m. p . 0 17- 18 . Physical data are 
2J2 
rep orted under lO(a) . Optimal reaction conditions have 
not been investigated . 
(n ) Pentyl cyanamide was prepared by a variation of 
a known method : 231 5 . J g (0 . 05 mole) cyanogen bromide 
i n ether was added with stirring to 8.7 g (0. 1 0 mol e) 
p entylamine in 100 ml ether at o0 • The mixture was 
stirred at 22° for JO min and filtered; the ether was 
removed in vacuo and the r sidue distilled at 180° in 
high vacuum to yield 5 . 0 g (89%) pentylcyanamide. 
pectral data have been presented in Section 2.6. It 
crystallised to a whit solid, m. p . 47 - 49°, after 
several months at -10° . This compound showed no 
C - absorption in th infrared, distilled with difficulty 
and partial d composition at 260° in high vacuum, and 
was , accord ing to them ss sp ctrum, tripentylmelamine 
( M+ JJ6 ; MS 9 , direct inl t ). 
( 1 26 ) 
(o ) 1 - Cyanopyrrolidine (121) and 1 - cyanopiperidine 
2J2 w r pr par din the sam way . Physical data 
are giv n in Ch pt r J . 
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PYROLYSIS EXPERIME TS 
6 • Benzotriazoles are tr ated first as the products 
form the basis for identification of products from 
azide pyrolysis. Pyrolysis of phenylacetonitriles and 
isatin is included in this section. 
(a) 1-Cyanocyclopentadien. 5.00 g lH-Benzotriazole 
was pyrolysed at 760° in a stream of argon (O.J-0.5 mm, 
cf. Table 4). The retort was maintained at 120°. The 
liquid product (J . 81 g, 100%) contained 1% aniline 
according to VPC (Column A or B). Two distillations 
in high vacuum from a bath at 45° (magnetic stirring) 
to a receiv r in dry-ice-acetone or liquid nitrogen 
removed anilin and dimeric nitrile. Aniline, and 
other volatil impurities, may also be removed by 
allowing the sample to dimerise at room temperature for 
24 hr., and distilling th impurities. The dim r was 
0 dedimerised by distillation at 10 mm from a bath at 180 
(cf. P ters139a); in this way it r quired 2 hr . to 
dedimerise Jg nitrile. Vibrodistillation was faster 
but caus d som dim r to distil unchanged. Th nitrile 
so obt ined w s r distill d at 45° in high vacuum, and 
the distillate was pure according to VPC and IR, UV, 
and NMR spectroscopy. Physical data are reported in 
Section 1.6. 
(b) 1-Cyanocyclopentadiene-d was obtained from 
pyrolysis of 1.0 g 1-d-benzotriazole (from 
benzotriazole and n2 o) as above. Its NMR spectrum 
showed the same integrated ratios as for ordinary 
2J4 
cyanocyclopentadiene. Its mass spectrum had initially 
M+ 92, whi"ch decreased "dl d t h ·th rapi y u e o exc ange wi 
water. When the inlet system was saturated with n2 o, 
up to four additional deuterium atoms were gradually 
incorporated to give M+ 96 . 
( C) l-Cyano-4-methylcyclopentadien ( lJa; 4-MeCCPD) . 
0.7 g 5(6)-Methylbenzotriazole when pyrolysed at 500°/0.02 
mm (dist.-in at 100°, 45 min) gave 0. 6 g starting 
material and a f w per cent of lJa. In this way 0.6 g 
lJa MTa s prepar d from 10 g triazole in several runs of 
5-7 g, the recovered starting material being used again 
in subsequent runs. Th nitrile was almost pure 
according to VP (Column A or B), containing only a trace 
of isom ric 2-M CCPD 14a and traces of m- and p-toluidine. 
Gas chromatogr phtcally purified samples were us d for 
--
235 
spectroscopy. IR: 3970w, 2980m, 2213s, 1450s, 1380s, 
1390 and 1370 (sh), 1140m, 930m, 910m, 890m; \ 276 
max 
mµ (E;;:,,; 8,000); NMR (see Fig. 10; the spectrum 
indicates a mixture of t a utomeric 3- and 4- MeCCPD) ; 
mass spectrum: see Table 5 a ; m/e 78 increased 
drastically in the course of time, presumably due to 
thermal formation of benzene. The compound 
incorporated up to 4 deuterium atoms in a D2
0 - satura ted 
inlet system. 
The triazole (1 . 5 g) gave at 600°/ 0.05 mm 6 7% 
(0.80 g) of a 1 : 5 mixture of 2-MeCC PD and 4-MeCCPD 
(VPC on Column A), containing benzonitrile, ca 1% by 
VPC and MR, and c a 1% of a 1:1 mixture of m- and 
p - toluidine. 
At 6 50°/ 0.10 mm, 7% benzonitril e , and 86% of tre 
two nitriles in th e ratio 1:3-1:4 was obtain d. 
At 7000/0 .05 mm the r ati o of the two n i triles 
was 1 : 2, but the ma jor product was now benzonitr i le 
(70%). o toluidines we·r det ec t a ble. 
I 
2J6 
4- eCCPD did not rearrange to any other compound 
in the course of JO hr . at J0°. The same compound 
(consisting of J - and 4 -methylcyanocyclopentadiene) 
* was recovered by VPC . 
0 .5 g 4 - MeCCPD was 0 -4 pyrolysed at 655 /10 mm to 
give 0.4 g of a 1: 6 mixture of 2- and 4- eCCPD, almost 
free of benzonitrile . Pyrolysis of this mixture at 
0 
780 /0 . 01 - 0 . 02 mm gave 75% benzonitrile, a trace of 
CCPD (2), and traces of 2 - and 4 - MeCCPD in the 
approximate ratio 1:2. 
( d) l-Cyano- 2 - methylcyclopentadiene (14a; 2 - MeCCPD) . 
2 g 4 - Methylbenzotriazole gave at 500°/0.01 mm a 95% 
recovery of starting material and 0.04 g (2.5%) of th 
title compound, containing ca 0.1% of a 1 : 1 mixture of 
o- and m- t oluidine . Pyrolysis of 4 g triazole ten 
times gave, aft r distillation (60°, high vacuum), O.J8 
g 2 - M CCPD nd J . 4 g recycled triazole . Th overall 
yi ld of nitril was thus 80%. 
By 1 rearrang I is her meant CHJ - or C - migration; 
not II- shift. 
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Pyrolysis of the triazole at higher temperatures 
as in (c) gave mixtures of 2- and 4- eCCPD in reverse 
proportions, i.e. the 2-methyl-isomer was now the 
major component. At 700° the two tria zoles gave 
identical pyrolysates. 
2-MeCCPD did not rearrange to any other compound 
in JO hr. at J0°. Pyrolysis at 655° gave a ca 1:1 
mixture of 2- and 4-MeCCPD. At 780° 2-MeCCPD and 
4-MeCCPD gave identical pyrolysates. 
IR ( 2-MeCCPD): JO?Ow, 2980-2900m, 2210-15s 
(doublet), 1440s, 1J90m, 1J80s, 1J60m, 1175m, 960w, 
890w. ;\ 26 8 mµ ( E: ~ 8,000). Th doublet C -band max 
may be due to tautomerization, although only one 
tautomer was d tected by MR (Fig. 10); 
2-fluorocyanocyclopentadiene also showed a C -doublet 
(see (e) below). The mass sp ctra of 2- and 4- eCCPD 
were identical. 
(e) 2- and 4-Fluoro-l-cyanoc clopentadiene (FCCPD) . 
O.J4 g 5-Fluorobenzotriazol wasp rolysed at 600°/0.1 
mm (subl.-in at 110°). VPC ( olumn A) g ve 4-FCCPD 
2J8 
(40%), 2 - FCCPD (trace), and 5% each of m- and 
p-fluoroaniline. Pyrolysis of 4-FCCPD at 800°/10-J 
mm gave a 6 :1 mixture of 4- and 2 - FCCPD. 
4-FCCPD : NMR : -rJ . 00 (m), 4.2J (m), 6 . 66 (m) 
(1 :1: 2); IR: Jl00w, 2200s, 1620vs, 15J0s, 1J60s, 1J40s, 
1185s, llJ0m, 940s, 922m, 910m, 897m; Amax (c6H12 ) 272 
mµ; M+ 109 (100%), (m/e (% of base)): 89 (1J), 82 (45), 
6 J (24), 62 (24), 57 (57), 54.5 (M2 +, 2.8), 52 (12), 
51 (1J), 50 (12) 
2-FCCPD had, like 2-MeCCPD (see (ct)), a weakly 
-1 4 split C -band in the infrared: 2200- 2205 cm ; 16 2s, 
15J0s, 1J85s, 1J65w, lJ00m, l0J0w, 950w; Amax (C6H12 ) 
268 mµ; the mass spectrum was qua litative ly similar to 
that of 4-FCCPD, but the molecular ion pea k was of 
higher intensity (JJ0% compared with above) and m/e 57 
was of lower int nsity (J2%). An NMR spectrum was not 
obtained, but it is assumed that the only possible 
isomer is 2- FCCPD . 
(f) 1,4-Dicyanocyclopentadiene (JJa) . 0.519 g 
5 - Cyanobenzotri zol pyrolysed at 600°/10-J mm 
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(subl .- in at 190°) to give 0.280 g starting material 
and, in the trap, 0.140 g (73%) colourless prisms, m.p. 
118- 19°, identica l with the compound reported by 
Webster, 114 (recrystallization from cc 1 4 raised the 
m.p. to 120-21° but c a used no change in spectral 
properties); A (H2 o) 221 mµ ( E-27,500), 274.5 max 
(20,200), A. 240,5 (5,200); :\ (Et0H) 227 
min max 
( E: -24,500), 276 . 5 (19,100), A. 242 . 5 (5,480); addition min 
of base to the aqueous solution caused a l arge 
increase in E: but no change in A ; a cidification of 
max 
the alkaline solution resulted in a 1:10 mixture of 
l,J- and l,4-dicya nocyclopentadiene . 114 
IR ( ) : J070s, 2215vs, 1460s, 1J67vs, 1J50s, 1J20s, 
11J8vs, 905s, 852s; M+ (M 9, direct inlet) 116 (100%), 
* [ M- 27] 18%, m; NMR, T2 ,75 (t), 6 . J2 (t) (1:1, J ~ 1 . 6 
114 
cps ; cf. Webster. ) . 
(g) 4 - Trifluoromethyl - l - cyanocyclopentadiene (JJb) . 
2 . 0 g 5-Trifluoromethylbenzotria zole (J2b) was pyrolysed 
at 500°/0 . 01 mm (subl .- in at 125°); yield : 0.2J g (75%) 
nitrile and 1 . 6 4 g recover d triazole. Th nitril 
a pparently cont ind fre e hydrogen fluoride and was 
investigat d only bri fly; vc 2228 cm- 1 ; Amax (c6 tt12 ) 
265 mµ; UV spectrum qualitatively simi l ar to that of 
1 - CCPD itself, with four faint shoulders on the high 
A side ; NMR: T2 . 76 (m), 2.84(m), 6 .47 (m) (1 :1: 2); 
M+ 159 (100%), [ M- F] 21 %, [M- HF] 48%, [ M- CF2 ] 72%, 
[ M-CFJ] J7%. 
(h) 4 - Chloro-1-cyanocyclopentadiene (JJc) . 
1.00 g 5-Chlorobenzotriazole (J2c) was pyrolysed at 
550°/0.1 mm (subl .-in at 100°), the products were 
extracted with ether and filtered from unreacted 
triazole (0.50 g) to give 0 .J46 g liquid, which was 
a 4:1 mixture of JJc and 1-CCPD according to the MR 
and mass spectra. Th e two compounds e luted a s one on 
VPC (Column A, 150° - 2°/min, 60 ml He/min); no amine 
or other i mpuriti es were detected. NMR spectrum of 
4 - chl oro-1-cyanocyclopentadiene : T2 . 87(m), J.56( m), 
-1 6 . 57(m) (1:1 : 2) ; v 2215 cm ; the UV spectrum did not 
reveal the pres nee of 1-CCPD : )._ (Et0H, H20' or HJo+) max 
277 mµ; A ( c6 tt12 ) 275 mµ; A (NaOH) 267 mµ; M+ 125, max max 
127 (100%), [ M- Cl ] 70%. 
(i) J-Cyanoindene. J.0 g Pur l,J-na phthotriazol e 
(m.p. 1 87- 88233 ; sublimed at 140°/ 10-J mm) was pyrolys ed 
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at 550°/0.05 mm in the course of J hr; the product was 
vibrodistilled (1oo 0 ) from unreacted triazole and found 
by VPC (Column A), spectroscopic methods, and comparison 
115 with a sample prepared by Grignard 1 s method to be 
pure J - cyanoindene (0.86 g, J4.4%) . When crude 
191 triazole prepared in the usual way was used, the 
yie l d rose to 74%; it appeared that the triazole 
decomposed more easily when impure. The quality of the 
product was unchanged. Spectroscopic data for 
cyanoindenes are presented in Table 17 . 
2-Cyanoindene . In the same way a s above, 
2,J- naphthotriazole (m.p . 188- 89 234 ; sublimed at 140°/10- J 
mm) gave at 600°/ 0.05 mm 12% 2 - cyanoindene which was 
separated from a trace of J-cyanoindene by VPC (cf . 
Table 17) . This triazole was much more stable than 
1,2-naphthotriazole : even a t 800°, pyrolysis was not 
complete . Yields were much higher when crude triazole 
was used (ca 10% involatile impurities were left in 
the retort), thus at 6 00° a 75% yield of almost pure 
2 - cyanoindene resulted . Like J-cyanoindene, 115 liquid 
2 - cyanoindene turned green at room temperature. When 
cryst lline (colourless plates from VPC, m. p . J9 - 40°) 
it did not change colour and was perfect l y stabl e . 
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Tnblo 17 
Properties of Cyanoi ndenea 
)-Oyanoindene 2-0yanoindene ,(6)-Cyanoindene 4(7)-Cyanoiondene l-Cyano-1-butyl-
indene 227 (7260) 220 (10'30) 
2)4 (69,o) 222.5 (13.590) 
U 0 '6"12 262 ( )86o) 2)2,, (12900) 
.,...,. ( t) 
270eh()'70) 21, (12490) 
294 (no) 28lsh (12410) 
294eh (7660) 
218 ( 27800) 
22, (27900) 
2)lah (9)40) 
2,9., (12600) 
264 ( 1)800) 
268,,sh ( 1))00) 
(214 (28200)) 
219 ()0,500) 
a 226 ( 22000) 
2.59 ( 9280) 
288 . .5 (1.590) 
27)eh ( 12000) 
278sh (10)70) 
287sh (,4ao) 
294sh ()420) 
)O?sh (798) 
22)1 221.5 22)1 22)1 22)6 
46 ,o 
'3 41 62 
a) Speotrw,, fa.ding away from 2))•)10 DI~ with numerous emall maxima , When o very small 
eample wa• gas ohromatographed, it oould Just be recognised to give rise to two badly resolved 
peake of equal inten~ity, due to 4- and 7-oyanoindene. 
b) Incorporated) D faet in a D20-saturated inlet syetem1 and with Et)N/D2
0/ether on shaking 
for 16 hr. at room temperat~re , 
o) Incorporated 2 D fast in D20-eaturated inlet system, and a further D slowly, Incorporated ) Don shaking with Et3N/ D20/ether , 
d) Did not incorporate Din several hr , at 150° in the inlet eyetem, Indene behaved similarly. 
a) Inoorporated up to 4 D with Et3N/ D201 moinly d 3-epeoioe formed (80 ~). 
/) Maes spectra of the OYBJ1Dindenee were identical within tho experimental error of the HS 
10 instrument1 H+ 100~, (H-1] 4.5 ~. ( H-27) 17 ~. H2+ 4 ~ . 
g) OolW!llt A, 1.50°-+ 2°/ min to 200°1 86 ml He/ mini note that Rt was a funotion of the 
maximum length of the molecule , 
1 
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The green impurities caused no appreciable change in 
spectral properties and were readily removed by 
distillation. 
Results of pyrolysis of the triazoles, the 
cyanoindenes, and of 1-naphthyl azide at higher 
temperatures are presented in Table 18. 
(k) 9-Cyanofluorene. 0.87 g Phenanthrotriazole 
(127) was pyrolysed a t 550°/0.005 mm (subl.-in at 
200° in 4 hr . ) to gi e 9-cyanofluorene (92%) which 
deposited as colourless prisms, m.p. 145- 46° , outside 
the furnace. he IR spectrum was almost identical with 
that of 9 - bromofluorene , except for a medium intensity 
split C - band. The sample was identical with one 
prepared by Vorlanders method235 from benzoyl cyanide 
and benzene, which h ad m.p. 143- 47° (crude). Both 
samples had m.p. and mixed m. p. 151- 53° (cf . ref. 235) 
after rec~ystallization from ethanol. Further 
recrystallization from benzene raised the m. p . to 
1 52.5 - 153° . The compound started subliming at 120° 
before melting ; the vapours smelt like benzonitrile. 
he C - band in the infrared was s pl it into a 
- 1 ( dou b l et at 2237, 2257 cm c 1 4 or u j ol). The 
- . 
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Table 18 
Pyrolysi s of naph tho triazoles 1 cyanoindenes 1 and 1-naphthyl a zide , 
Products, relative peak arease ,/ 
Starting T 0 / P mm Inden t 2 -Cyano- J -Cyano- 4(7)- 5(6)- Total material indene i nd ene cyano- cyano- yield 
indene indene ,,, 
1, 2 -naphtho triazole 600/0.025 l 5. 9 100 
740/0.08 1.68 l o.o4 trace 96 
800/ 0 . 05 l l, 7J 85 
1000/0,2 5 0.50 1,J l 1.8 1.6 40 
2,J-naphthotroa zolo 650/0.02 6.JJ l a 
740/ 0. 01 1 .67 l 0 . 07 trace a 
800/ 0,02 2.02 l 0,24 0.25 92 
1000/ 0.25 0.50 1,J l 1.8 1.6 40 
J-cyanoindene 800/0.02 l 1,52 100 
1000/0.2 5 0.50 1,J l 1,8 1.6 100 
2-cyanoindene 1000/ 0.25 0.50 1,J l 1.8 1.6 100 
1-naph thyl azide 500/ 0.0J 0 0 trace 0 0 b 
800/ 0.10 1.50 7 l J 0 0 
1000/ 0.05 12 l trace l l d 
a) Starting material recovered: pyrolysis yield-100 '1,. 
b) 0,50 g azide distill din a t 64° in 1 , 5 hr. : 1-naphthylamine (24 '1,), azonaphthalene (48 '1,), J-oyanoindene (trace$ 0,01 '1,), 
o) 0 ,50 g azide dletillod in at 64° in 50 min: indene (0,15 '1,l, naphthalene (29 '1,), 
2-cyanoindono (0.7 '1,), J - cyanolndene (0,1 '1,) , 4(7)-cynnoindene 0.J '1,), 1-cyanonaphthalene (1 .J '1,), 1-naphthylamine (1,9 '1,). 
d) 0,50 g ozide dietillod in at 25° in ca 4 hr .: lndone (J '1,), naphtha lene (2.5 '1,1 80 '1, 
of all product), 2-cyanoinden e (0,25 '1,),J-cyanoind ene (trace), 4(7)-cyanoindene (0 , 25 :t 0 , 05 '1,), 
5(6)-cyunoindon (0 ,25 ! 0 . 05 '1, ) , 1-oynnonaphthalono (0 ,5 '1,): 1-na phthyl amlne absent . 
e) Note that CN-migration to position 4(7) was osier than to positton .5(6). 
/) VPC on colwnn A, 150° -+ 2° / min: 86 ml Il a/mi n . 
1 
- .. 
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high-frequency band increased markedly in CHClJ and 
disappeared almost completely on 9-deuteration [ the 
NMR spectrum indicated complete 9-deuteration, r (H(9)) 
= 5 .10; but the mass spectrum indicated more than 50% 
back-exchange even in the direct inlet]. The main 
CN-band shifted to 2242 cm- 1 , but the 'shift' may not 
be real as it was difficult to measure the exact 
position in the 9H-derivative; repeated recrystallization 
and gas chromatography (Column c) failed to remove the 
splitting which may be due to Fermi resonance or a 
solvent effect. Th high frequency indicated a non-
conjugated nitrile; 1 - and 2 - cyanofluorene : vc 2229s. 
, 7 . JJ% ; found : 
C, 88.20; H, 4.81; N, 7 .20%.) Mass spectrum : (MS 9, 
direct inlet) M+ 191 (100%), [ M- H] 60%, [ M- HC] 5%, 
[M- H2C] 5%, [M
2
+] 6%, [(M- H2 C )
2+] 6% . 
(1) Pyrolysis of 9-cyanofluorene (0.8J g) at 
800°/0 .00 5 -0.01 mm (subl.-in at 1J0° , JO min) gave 0.78 
0 OJ f 116 0, g starting mat rial and . g luorene, m.p. 
separat d by sublimation. Hydrogen cyanide was 
tra pped (liquid 2 ) and identifi d by its IR spectrum. 
I 
Pyrolysis of 1.00 g at 1000°/0 .08 mm (subl.-in 
at 1J0°, JO min) gave HCN (0.042: 0.002 g, 29,7%) . 
he solid material ~.60 g) was chromatographed 
(alumina/benzene) to fre e it from tarry material; 
0.570 g was recovered. Sublimation at 60°/10-J mm 
245 
gave 0.218 g of a mixture of fluorene and 1-cyanofluorene 
(vide infra). Continued sublimation at 85°/10-J mm 
gave 0.052 g of a mixture of 9- a nd - 1-cyanofluorene, 
the former isolated by recrystallization from petroleum 
ether (b.p. 60- 80°), m.p. 151-2° (0.007 g). Evaporation 
of the soluble fraction ga e 1-cyanofluorene, m.p . 
0 . 2J6 0) 9 2-94 (lit. 94-94,5 , 0 . 002 g; IR and UV spectra 
were identical with those of an authentic sample, 236 
and distinctly different from those of 2-cyanofluorene. 237 
Them lting point excludes 4-cyanofluorene. 236 Further 
sublimation at 1 60°/ 10-J mm gave bifluorenyl, m.p. 
245-48° from ac tone (lit. 238246 -47°), 0.06J g, M+ JJO. 
Ga s chromatography of the solid products (Column 
B, 150° - 2°/min) gave fluorene, 1- and 9-cyanofluorene, 
identifi d by their IR and UV spectra. The mass spectra 
of 1- and 9-cyanofluorene were id ntical (vide supra). 
(m) Benzhydryl cyanide at 1000°/0 .08 mm gave 
hydrog n cyanid (identifi d by sm 11 only) and 56% w/w 
-
' 
of ether-soluble material consisting of (relative 
peak areas ): benzene (3.6), benzonitrile (1.0), 
o-tolunitrile (2.1), a-tolunitrile (7.6), biphenyl 
(1.05), fluorene (2.6), and o-cyanodiphenylmethane 
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( 0 ( . 239 0) -1 + ) Q.63; m.p. 19 lit. 19 , vc 2228 cm , M 193. 
(n) Phenylacetonitri le at 1000°/0.01 mm gave 
hydrogen cyanide (IR, mass spectra) and benzene (0.4%), 
toluen (2. 6%), benzonitrile (0.8%), o-tolunitrile 
(8.2%), m-tolunitrile (1.2%), p-tolunitril e (1.8%), 
and reco ered ph nylacetonitrile (66%). 
(o) 2-Cyano-1,4-dihydrobenz~[ a]pentalene. 
(i) - 1.00 g 2,3-Fluorenotria zole (128) pyrolysed a t 
570°/0.02 mm (subl.-in at 200°, 1.5 hr.) gave 0.20 g 
yellow crystals, m.p. 70 - 75°, showing strong 
- a bsorption n - 1 r 2210 c m , and tt2-bands at 16 30 , 
3400, a.uu 3500 -1 cm Recrystallization from light 
p trol um r mo ed th nitril an d gave only 
2/3- amino luor ne, M+ 181; v ' 1630, 3400, 3500 
8 o ( . 240a h 1300,. m.p. 75- 0 2- aminofluoren a s m.p. 
. 240b 0) 3-aminofluoren has m.p. 150 . 
-1 
cm 
• 
----- .. 
(ii) - 0 . 55 g Triazole at 600°/0.05 mm (subl.-in at 
180°, 1 hr.) gave O.J6 g ( 6 5.6% w/ w) yellow 
crystalline material which was chromatographed on a 
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JO cm column (silica gel 100/ 200 mesh,CCl4) . Elution 
with carbon tetrachloride resulted in a rapidly moving 
yellow band, and an a lmost immobile, f aint, and 
diffuse second yellow band. The first yellow band was 
0 collected and gas chromatographed on Column C(200 - 235, 
6 0 ml He/min) when it was found to be mainl y one 
compound, Rt J 6 min, although a minor peak at shorter 
Rt was also present. he ma jor compound solidified to 
yellow crystals, m.p . ca 70° (apparently contaminated 
with column support from which it was never completely 
freed) . R: 2210 cm- l (s); no absorption at 2800- JOOO 
and J400- J500 cm-1; UV : Amax ( c6 tt12 ) ( e: ) , 244 (20500), 
26 1 (12800), 270 (13800), 280 (106 00), 316 (4300), 
326 -29 (4900), J42 (3500), 352 (900); MR (comput r 
accumulat d, 6 0 Mc) : T2 . 80 (m, aromatic, 4H), J.72 
(m, H( J)' lH), 6 . 85 (m, H2, 2H), 7 . 35 (m, CH2 , 2H). 
On g ing, two further p a ks with longer Rt app ared 
in the g s chromatogra m. 
(p ) Pyrolysis of isatin . Th products were 
xamin don olu mn Bat 100°. At 700°/ 0 .15 mm, 40% 
I 
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cyanocyclopentadiene (CCPD), and 10% aniline were formed ; 
carbanilide (diphenylurea) was isolated in 1.6% yield. 
0 
At 600 / 0.12 mm, 15% CCPD and 15% aniline resulted. At 
0 500 / 0.005 mm, decomposition was incomplete; 6% CCPD, 
J% aniline, and ca 0.15% nitrobenzene were isolated. 
7. Pyrolysis of Phenyl Azides. 
Gas chromatography was on Column A, 90° ~ 2°/min, 
60 ml He/ min, unless otherwise stated. he pyrolysates 
were kept frozen in liquid nitrogen until examination 
was completed, and eluates from the gas chromatograph 
were trapped in capillary tubes cooled in liquid nitrogen, 
and ei th r examin d immediately or dissolved in the 
appropriate solvent and frozen for later examination. 
(a) Phenyl 
(b) m- olyl azide, 
s Sec tion 1.1 and Table 1. 
1.20 g, 450°/1.0 mm · 
' 
100°, 
5 min ~ 0.22 g. or products and yields, see Table 2 
and Fig. 1 6 . The lutidin s w re usually formed in a 
yi ld too low for id ntification, and were identified 
only once by R, UV, and m ss spectra. Both IR2 41 and 
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were also formed in low and variable yields; they 
were identified primarily by their Rt and pyridine 
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smell. 2-Vinylpyridine was indicated only once by its 
mass spectrum. J-Vinylpyridine was always present, 
and was identified by R, UV, NMR, and mass spectra, 
compared with authentic material. 4-Vinylpyridine 
was similarly identified by IR, UV, and mass spectra. 
' he cyanocyclopentadienes were identical with those 
obtained from benzotriazole pyrolysis (6 c, ct). 
2-Cyano-5-methylpy~idine was indicated by VPC only, and 
not identified. The nature of the other identified 
products was established by comparison of IR, UV, NMR, 
and mass spectra with those of authentic materials. 
( C ) 15 m-Tolyl azide-J- was pyrolysed under the 
same conditions as in (b). The results are discussed 
in Section 1.2. 
(ct) 15 0 m-Tolyl azide-J- , 0.2 g, at 400 /0 .1 mm 
gave a dark-red pyrolysa te from which m,m 1 -azotuluene 
(C 1 C 150° - 2°/mi·n to 250°). was isolated by VPC o umn , 
The mass sp ctrum (M S 9, direct inlet) was identical 
with on of authentic material . The (M+l) peak showed 
no 
15
-content by high resolution. (Cale. for 
250 
1 3 
c 13c H14 2 : 211.119048; found: 211.118907; calc. 
15 for c 14tt 14NN : 211.112728). 
(e) p-Tolyl azide, as in (b) above - 0.18 g. 
Products: toluene, p-xylene, y -picoline , benzonitrile, 
2- and 4-MeCCPD, p-tolunitrile, p-toluidine; yields 
approximately as for corresponding products from 
m-tolyl azide, but variable. 
(f) p-Tolyl azide-2 ,6-d2 was pyrolysed as in (e). 
The results are discussed in Section 1.2, Table 3. 
( g) o-Tolyl azide, 1.20 g, 450°/0.l-0.2 mm; 
230° - 0.35 g. VPC (Column C, 200-225°) gave o-toluidine 
(trace) and 0,0 1 -azotoluene, m.p. 55° (37%), M+ 210. 
At the highest distil- in temperature (230°) a very 
-1 
weak doublet at 2200-2230 cm was apparent in the IR 
spectrum of the crude pyrolysate, consistent with a 
trace of b nzonitrile and one or more of the 
cyanocyclopentadienes. 
(h) 2,6-Dimethyl-l-azidobenzene, 1.0 g, as in 
(g) - o.45 g. PC (column C, 225°) gave low yields of 
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xylene and 2,6-dimethylanilin The main product was 
bright red and was assumed to be 2,6,2 1 ,6 1 - tetramethyl-
azobenz ne, 0 m. p . 47 ; A 2JJ, J08, 455 mµ; calc . mass : 
max 
2J8.146991 ; found : 2J8 . 146405. 
( i) o- 1 m- , and p-Fluorophenyl azide, 1 g, 450°/1 
mm ; 60°, 0.5 min - 0 . 10 g . All gave mixtures 
corresponding to those obtained from m- and p-tolyl 
azide; thus, for instance, o-fluorophenyl azide gave 
fluorobenzene, 2 - fluorobenzonitrile, 2 - fluoropyridine, 
and 2-fluoroaniline. The three azides gave 
approximately the same yields of 2- and 
4 - fluoro-1 - cyanocyclopentadiene (1:6 in each case). 
The relative yields w r in all cases sim"lar to those 
of corresponding products from tolyl azid s, e cept 
that 4 - fluoropyridine was not isolated from 
4-fluoroph nyl zid; the compound ·s known to be 
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ery unst bl . A tr ce (~0.01%) of a lene was 
form d from 1-fluoroph nyl azide (identifi d by mass 
spectrum only ; Rt corr spond d tom- and/ or p-xyl ne). 
( j ) 2,4,6-trichloroph nyl azide, 0 . 5 g, 450°/ 0.05 -
0.5 mm ; 8 °, 45 min; I OH-trap, ga hexachloro zob nzene 
[0.145 g, 68%, m.p . 187- 88° (lit. 243 188°), r ct-brown 
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needles crystallising immediately outside the furnace; 
M+ (MS 9, direct inlet) J86-J98], 1,J,5-trichlorobenzene 
(1.7'fo,m.p. 6J 0 ), 1,2,J,4-tetrachlorobenzene (12.4%, 
m.p. 51°) which accounted for 90% of the volatile 
material. 
With a distil - in temperature of 100° the pressure 
rose to 1 mm, and the IR spectrum of the crude product 
-1 
showed a weak C -band at 22J0 cm (aromatic C ) . VPC-
mass spectrometry revealed traces of two 
trichlorobenzenes, tetra- and pentachlorobenzene, tri-
and tetrachloroaniline, tri- and tetrachlorobenzonitrile, 
and a dichloropyridine, the assignments being based on 
mol cular weights, chlorine isotope peaks, and number 
of Cl- a tom losses. 
(k) o-Chlorophenyl azide, 0.50 g, 450°/ 1 mm max; 
0-120°. Som (azo-) compound which deposited outside 
the furnace during warm-up was not xamined. PC-
mass spectrometry of th ether-soluble products (0.054 g) 
re ealed chlorobenzene (1%), dichlorobenzene (1%), and 
trac s of benzonitrile, chloro- and dichloropyridine and 
cyanopyridin, assignments being made as above (j). 
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(1 ) p-Anisyl azide, 0.50 g, 700°/0.1 mm; 30°, 
40 min - 0 . 11 g ether- soluble product showing weak 
CN- absorp t ion (22Jl cm- 1 ; aromatic CN ). VPC and IR, UV 
analysis gave pyridine (4%), a-picoline (1.5%), anisole 
(2 . 8%), phenol 1 6% , and p-cresol ( 6% ). 
p - Anisyl azide, 0.524 g, 400°/0 . 01-0 . 02 mm; 30°, 
J hr . gave p - anisidine (23%), a trace of a nitrile 
(v ' 22Jl cm-1 ) and p,p '-azoanisole (0.20 g, 47%, 
1 65-66 ° (lit. 42 165- 66°); the UV spectrum was 
m.p. 
42 
consistent with the reported spectrwn ). 
(m) The crude products from m- anisyl azide had 
IR spectra in qualitative agreement with those of the 
pyrolysates obtained in (1), but were not investigated 
furth r . 
(n) 0 p-M thylthiophenyl zide, 0 . 50 g, 800 / 0.1 ..,__ _ __._ __ :,__...a... ___ _ 
45°, 1.5 hr. - 0 . 1 g . Hydrogen sulphide was formed 
according to th sm 11. VP ga thiophenol (9.0%), 
benzon·tril (2.4%), aniline (7 . 0%), and 
mm · 
' 
cyanocyclop nt diene (CCPD, 0 . 5% stimat d from th IR 
spectrwn of th crud product). 
(o) m-Methylthiophenyl azide gave under the 
same conditions as in (n) thiophenol (10 . 2%), 
benzonitrile (2 . 4%), aniline J . 5%), and a~ 0.5% 
yield of cyanocyclopentadiene . 
(p) Pyrolysis of a zobenz ene, 1 . 0 g, 900°/0.20 
254 
l11Dl • 
' 
140°, 15 min - 0.20 g liquid material . VPC (Column c) 
showed that the major products were benzene, biphenyl, 
and diphenylamine . Low yields of benzonitrile and 
cyanocyclopentadiene were a lso present . The pyrolysate 
has not been examined in detail. 
mm· 
' 
(q) Pyrolysis of diphenylamine, 1.0 g, 1000°/0 . 05 
110°, 1 hr . - a dark pyrolysate which was 
extracted with ether and acetone, filtered through 
active carbon, and evaporated to give 0.93 g yellow 
crystalline material . VPC of a solution in benzene 
(Column c ) g e, as the major components, benzonitrile 
( 10%), niline (17%), biph nyl (2%), carbazole (35%), 
a nd a 20% reco ery of diphenyla mine. This experim nt 
may be contrasted with the proposa l made by Hedaya 
et . ai . 82 for the formation of carbazole from phenyl 
azide ; these workers reported also formation of 
diphenyl mine . 
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8 . Pyrol ysis of Triazolopyridines and related compounds . 
(a) v - Triazolo[ l ,5 - a]pyridine, 1. 480 g, 500°/0 . 03 -
0 . 04 mm · 
' 
60°, 4 hr . , gave after extraction with ether 
and fi l tering throu gh active carbon 0 . 986 g dark-red 
liquid : aniline (4%), benzonitrile (trace), azobenzene 
(77%), and diphenylamine (1- 2%) (identified by Rt' IR, UV, 
and mass spectra), and l,2- di(2 - pyridyl)ethylene (1- 3%) 
containing 2- picolinealdehyde hydrazone . The IR spectrum 
(cc14 and cs2 ) of this mixture was identical with the 
one reported for trans- l,2- di(2- pyridyl)ethylene109 
except for weaker bands at 690, 770, 870, 915, 1070, 1450, 
4 - 1 1 680, 1730, 2900, 3400, and 3 50 cm , which were 
superimposable on a spectrum of 2 - picolinealdehyde 
hydrazone . The UV spectrum had A 297 mu (2 - picoline-
max 
aldehyde hydrazone), with shoul ders at 265 - 70 and 302- 10 
mu (1,2 - di(2 - pyridyl)ethylene244 ) . Mass spectrum (MS 9, 
direct inlet): M+ 182 (27%), m/ e 181 (35%), 155 (19), 
154 ( 1 5) , 121 (77), 120 (100), 105 (19), 104 (19), 93 (27), 
92 (54), 79 (50) 78 ( 6 5), 77 (15), 6 5 (80) . The parent 
peaks at m/ 182 and 121 persisted at low voltage . 
v - Triazolo[l,5 - a]pyridine at 800°/ 0 . 10 mm gave 
benzene (2 . 8%), a - picoline (1 .1%) , benzonitrile (3 , 7%), 
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and a trace of CCPD; the latter was identifiable by 
Rt and UV spectrum only; the yield was too low to permit 
an IR spectrum to be obt a ined. 
(b) 6 - Methyl - v - triazolo[l,5 - a] pyridine (129) at 
500° similarly gave m,m' - azotoluene [ 80%, IR and UV spectra 
identical with those of a uthentic material and dis tinct 
from those of o,o' - and p , p ' - a zotoluene ; calc . mass : 
210.115693; found: 210.115993 ], m-toluidine (ca 4%), 
and less than 1% of a colourless oil having similar 
properties to those of l,3- di(2-pyridyl)ethylene and 
presumed to be l,2 - di(5 - methyl-2 - pyr i dyl)ethyl e n e (calc . 
mass : 210 . 115693 ; found: 210.115388). 
The results of pyrolysis at 800°/0.10 mm are given 
in Ta bl 2. The trace products (3- and 4-vinylpyridine, 
and 2- and 4-methyl- 1 - cyanocyclopentadiene ) could b e 
identifi d only by Rt' UV a nd mass spectra; cf. Fig . 16 . 
2- Cyano- 5 - m thylpyridine was id n tical with a synthetic 
245 
sampl . 
(c) 3 - Methyl- v - triazolo[l,5 - a ]pyridine, 2 . 00 g, 
500°/0 . 15 mm ; 100°, 40 min, or at 800°/0 . 20 mm ; 100°, 
25 min, gav 1 . 58 g, (100%) 2 - inylpyridine which was 
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pure according to VPC, and had Rt' IR, UV, NMR, and 
mass spectra identical with those of authentic material . 
(ct) J-Phenyl-v-triazolo[l,5-a]pyridine, 0.240 g, 
500°/0.02 mm; 160°, 45 min, gave carbazole (2.05 g, 
100%), crystallising outside the furnace, with spectra 
and mixed m.p. identical with those of authentic 
carbazole. 
(e) 6-Methyl-J-phenyl- v - triazola[l,5-a]pyridine 
(lJO) similarly gave a 94% yield of 2 -methylcarbazole, 
m.p. 261-262° (corr.) from ethanol (lit. 246 259°, 
261-2°); picrate, m.p. 167-68° (corr.) from benzene 
(lit. 246 167°). These melting points exclude l-methyl-247 
(m.p. 120-.5; picrate 14J.5), J-methyl-248 (m.p. 206.5-7-5; 
0 249 ( 0 picrate 180 ), 4-methylcarbazole m.p. 129.5-JO ; 
picrate 160.5°), and both melting point and IR spectrum 
exclude 9-methylcarbazole. The IR and UV spectra 
indicated the carbazole nucleus, and the molecular weight 
(M+) was 181 (cf. Table 5a) . 
(f) Triazolo[4,5-b]- and [4,5-c]pyridine, and 
4-azidopyridine. The conditions and results of 
pyrolysis are indicated in Table 19. The products 
Table 19 
Pyrolysis of triazolo[4,5-b ]- and [ 4,5-c ] pyridine 
and related compounds 
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St arting Relative yields Total 
T 0 /P mm yield 
material 2-Cyanopyrrole J-Cyanopyrrole % 
[ 4,5-b]- 600/0 .05 1 0 99 .5 
800/ 0.04 2.J 1 97 
[ 4,5 - c]- 6 00/ 0.04 0 1 97 
800/0 . 05 1 1 95 
J - Cyano- 800/0 .01 1 2 98 
pyrrole 
2-Cyano- 800/0 .01 2 1 98 
pyrrole 
4-a zido- 400/ 1 2 1 9.4 
* pyridine 
*) Distil- in at 100°; other products: pyridine (1 . 7% ) , 
0 
4-cya nopyridine (17,J<fo ). Pyrolysis at 400 / 0.05 mm 
gave 4,4•-a zopyridine (54,J<f, ); m.p. 107-8° (lit.250 
107,5-8 ° ) 
were separated on Column C, 125° ~ 2°/min, 60 ml 
He/min . 
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NMR spectra of 2- and J-cyanopyrrole are listed 
in Table 12, and are in agreement with den Hertog's 
d t 98a a a . 2 - Cyanopyrrole had b .lp. 10 118-20° (lit.
224 
I 
115 - 20°) ; IR : 2229, J470 ( H, free), JJOO (broad, 
decreasing on dilution; a liquid film had only the 
-1 broa d JJOO cm H-band) ; , 
~max 
0 J - Cyanopyrrole had m. p . 54- 55 
247 mu ( E12,200). 
(1it. 98a 54- 55°); IR : 
22J9, J480 ( H, free), cf. ref. 98a, and a broad band 
-1 
at JJOO cm (lower intensity than for 2- cyanopyrrole), 
decreasing on dilution ; A 216 mu ( E7,44o) . The 
max 
mass spectra of 2 - and J - cyanopyrrole were identical, 
M+ 100%, [ M- 27] 2J% . 
(g) Triazolo[4,5-d]pyrimidine ( 1 8- azapurine 1 ), 
0 0 0 . 514 g, 60 0 /0 . 05 mm ; lJO, 1 hr., gave 0.021 g dark-
red product soluble in chloroform, and da rk- coloured 
insoluble material. The soluble product showed a 
-1 
weak C - a bsorption at 2220 cm , but no compound was 
isolabl e by VPC. The condensable gas was found by IR 
and mass sp ctra and the sme l l to consist of ammonia 
and hydrogen cyanide . he triazole was recovered 
d t J2o o. uncha~ge a Partia l decomposition into 
0 
products similar to the above occurred at JS0-500 . 
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9, Tetrazolopyridines. 
(a) Conditions for, and results of pyrolysis of 
tetrazolopyridines are given in Tables 10 and 20. The 
tetrazoles were sublimed into the pyrolysis tube 10° 
below their melting points. 208 Product identification 
has been discussed in Section 2.5. 
0 At temperat ures above 500, partial rearrangement 
of the initially formed 2-cyanopyrroles took place; 
this occurred also with the pure 2 - cyanopyrroles, but 
they did not isomerise to each other . Too li ttle of 
the J - cyanopyrroles so formed was obtained for full 
examination . Products were considered to be 
J - cyanopyrroles when they had unusually long Rt, 
were solid, had lower A and higher ~C 
max than usual 
(cf . 2 - and J - cyanopyrrole, 8 (f)) . The mass 
spectra of al l the methylcyanopyrro l es were, within 
the experimental error of the MS 10 instrument, identical; 
M+ 60%, [ M-1 ]. 10 0%, [ M-1- 27] 10%, 
2- Cyano- J - methylpyrrole had A 250 mµ (E 17 , 000); 
max 
2 - cyano-4-methylpyrrole had Amax 257 mµ (14,000); 
2 - cyano- 5 -methylpyrrole had Amax 256 mµ (20,000). 
These values were determined on eluates from the gas 
L 
Tabl e 20 
Pyrolysis of methyl- tetrazolo[l,5 - a]pyridin esa 
7 
6~8 
5 11,_ N~ N 
N=N Crr Cr\ CH3 / h A 0--cNZN>cN-fJ-CN y~H
2 
H H H 
T 0/P mm 
8 - CHJ (66) 500/0 . 1 5 6 
380/0.05 2 10 b 
7- CHJ (67) 350/0 . 05 1.6 J 4 . 4° 17 28 
6 - CHJ (64) J80/o . 05 6 J 4c 1 7 28 
5 - CHJ (65) 380/0 . 05 1.J 10 b 
800/0.JO 1 1 
a Total yields are given and account for~ 90% of isol ated product; the 
lost material gave rise to black tar inside the pyrolysis tube . 
J - Cyanopyrroles were formed above 500°. VPC was on Column C, 
125°~ 20/min to 250°. 
b 1:5 Mixture of J - and 6 - methyl- 2- aminopyridine . 
1:1 Mixture of 4 - and 5 - methyl- 2- aminopyridine. 
50 
45 
45 
JO 
I\) 
°' 
·~ -
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chromatograph (200-250°, column bleeding), and are not 
considered very reliable. 
Glutacononitrile had m.p. 26°, A 215 (JJOO), 240 max 
(1200), 277 (760); IR (CHClJ): 97J (CH:CH-trans), 1415, 
1645 (C=C), 22J2 (s, conj. C ), 2265 (~ half the 
intensity of 22J2 band, unconj. CN), 2960m, J050m 
(CH:CH), and weaker bands at 700 and lJOO cm-1 . NMR 
and IR spectral data are given in Table 14. 
(b) 9,10-Tetrazolophenanthridine (110), 0.50 g, 
500°/ 0 . 01-0.05 mm; subl. -in at 196°, gave 0 . 22 g of a 
white solid which did not melt at J6o 0 but sublimed slowly . 
The direct inlet mass spectrum (M+ J84 (70%); M/ 2 192 
* (100%), m 96) indicated a dimer of the nitrene; thus 
the yield was 50.5% . 
At 800°/0.05 mm~ 10 mg carbazole deposited at 
the entrance to the furnace. Outside the exit -end of 
the furnace were deposited two fairly distinct bands 
of crystals. Those which had sublimed farthest(~ 10%) 
were in all respects identical with the sample of 
9-cyanocarbazole described in 5 (k). The combined 
crystals were chromatographed on alumina (wet ether, 
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followed by chloroform) which removed 9 -cyanocarbazole 
and left as the major product 4- cyanocarbazole (60% 
yield), m.p. 153-55°, Alkaline hydro l ysis230 of 0 ,10 
g nitri l e gave 0.08 g carbazole - 4 - carboxylic acid, 
m.p. 244- 45° from benzene (lit. 251 244-45°); v' 
max 
3400, 
2600, 2500, 1700 -1 cm the nitrile had v ' JJ20, 2230, 
max 
1615 cm- 1 , and mass spectrum identical with that of 
9- cyanocarbazole (see 5 (k)). The mass spectrum (direct 
inlet) of 9,10- tetrazolophenanthridine was, below M+, 
identical with that of the nitril e ; (M-2 8) was the base 
peak, and onl y at 12 eV did M+ and (M- 28)+ attain equal 
intensity. The fragmentation was ac companie d by a 
prominent meta-st a ble peak, exc luding the possibility 
of therma l d ecompos ition . 
10. Pyrolysis of Tetrazolo[l,5 - a] pyrimidines. 
( a) Tetrazolo [ l,5-a]pyrimid ine (131), 0.744 g, 
400°/0 .10 mm; 100° , caused heavy charring inside the 
pyrolysis tube. Extraction of the products with 
chloroform and VPC ( Column C, 125° - 2°/ min) gave 
1-cya nopyrazol e (14.J%), pyrazole (1%), and 
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2-aminopyrimidine (17,5%). 1-Cyanopyrazole was 
identical in all respects with the compound described 
in 5 ( i). 
{aa) Pyrolysis at 600°/0.10 mm gave 1-cyanopyrazole 
(JJ%), pyrazole (8%), and 2-aminopyrimidine (7%), 
{aaa) 0 0.60 g Tetrazole was pyrolysed at 800 / 0.10 
mm and an ethereal solution of the products gas 
chromatographed (Column C, 75°); two low-boiling 
nitriles, Rt J.0 and 7.6 min respectively, were 
identified as tetrolonitrile (10%) and cyanoallene 
(J.J%). A few per cent of 2-aminopyrimidine was also 
detected. Tetrolonitrile had the same properties as 
the compound described in 5 (m): m.p. 17-18° {cf. 
) LF LF cc14 ref. 169, 252 ; V C:C 2160w, VC:N 2270s; VC= 2270s, 
comparatively weak bands at 2JJ0, 14J0, 1J80, and 2900-
-1 
J000 cm ; Amax (c6tt 12 ) ca 220 mu ; MR : r 8,02 (s, 100 
Mc ; cf. ref. 170); M+ 65 (100%), [ M-H] 54%, [ M-HCN] 6J% , 
Cyanoallene: liquid, v'(LF) 22J5m, 22J0s, 1970vs, 1410s, 
984m, 920m, 865s, 840s; the spectrum was identical in 
appearance with that shown in ref. 168; v ' (cc14 ) 22J5, 
1975, 1412, 987 cm-1 ; Amax (Me0H) 215 mU (14,200, cf. 
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ref. 168); the mass spectrum was identical with that 
of tetrolonitrile. 
(b) 5,7-Dimethyltetrazolo[l,5-a]pyrimidine (78), 
1.00 g, 320°/ 0.05-0.01 mm; 100°, similarly gave 
1-cyano-J,5-dimethylpyrazole (15.J%, cf. 5 (h)) and 
2-amino-4,6-dimethylpyrimidine (58%). 
(bb) At 400°/0.05 mm, 21% of the nitrile and J4% 
of the amine resulted. 
(bbb) At 500°, distil-in temperature 140°, the 
same products qS in (bb) resulted, but a new compound, 
eluting shortly before the 1-cyanopyrazole was assigned 
the structure of J-cyano-J,5-dimethyl-JH-pyrazole (see 
ection 2.6), yield~ J%. It formed colourless prisms, 
m.p. 48-49°; M+ 121 (100%), [ M-H] 22%, [M-15] J . 5%, 
[ M-27] 8.5%. 
(bbbb) 0.5 g Tetrazole at 800°/0.1 mm (subl.-in 
at 100°) gave a dark-red tar (possibly containing an 
azo-compound), 5% aminodimethylpyrimidine and 0.047 g 
(15%) of a volatile liquid which, according to VPC, was 
an a lmost pure 2:1 mixture of cis- and trans-2-methyl-
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2,4-pentadienonitrile (85 and 86). It was assumed that 
the first eluting nitrile was the cis-isomer; the 
CH3-group had in the NMR spectrum a slightly lower 
chemical shift than in the trans-isomer. A model shows 
that the CH3-group in the trans-isomer will be located 
partly over the 4,5-double bond, causing shielding 
relative to the cis- isomer (see Scheme 14 for formula). 
The trans-isomer was prepared independently (5 (1)) 
and confirmed the assignment . Spectral data 
are listed below: 
cis- v' 2218s, 930s (=C-H), 1860m (2 v ), 1420s, 
2900-3000m, 3080m (=CH); A (c6H12 ) 245 mµ (27 ,000); max 
T3,40 (m), 4.60 (m), 8.00 (s, CH3 ) (2:2:3); M+ 93 
* (100%), [ M-1] 40%, [ M-15] 12%, [ M-27] 137% (m ); calc. 
mass: 93,057846; found: 93,058880. 
trans- v' 2215s, otherwise IR, UV, and mass spectra 
identical with the above ; T3,40 (m), 4.60 (m), 8 . 06 
( s, CH) (2: 2: 3) • 
(c) l,3,5-Trimethylpyrazole (90), 0 . 65 g, 800°/0.05 
mm; distil-in at room temperature, gave on VPC (Column 
A, 50°) recovered starting material and 
4-methylpenta-1,3-diene (1-2%; M+ 82; [ m-15] base peak; 
253 
m/e 39, 41), identified by its IR and NMR spectra. 
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0 At 900 /0 .1-0.20 mm the above diene and 
2,J-dimethylbutadiene were formed, each in 5% yield, 
with benzene (2.5%), and 4,6-dimethylpyrimidine (8.5%). 
The l atter was identified by comparison with a 
synthetic sample. 254 Numerous other high-boiling 
products were formed in lower yields(~ 1%) but were 
not investigated in detail. The most abundant of 
these was, according to its mass spectrum, probably a 
trimethylpyrimidine (M+ 122 , intense (M-1) and (M- HCN) 
pea ks). 
(ct) 5-Methoxy-7-methyltetrazolo [ l , 5-a]pyrimidine 
(71 -), 0.151 g, JS0°/ 0.02 mm; 100°, gave 2-amino-4-
methoxy - 6 -methylpyrimidine (40%), analysed on Column 
C (125° - 2°/min) . A nitrile was detectable only by 
the IR spectrum of the crude product. 
At 6 00°/ 0.l mm, 4J% aminopyrimidine and 6% 
l achrymatory l-cyano-J-methoxy-5-methylpyrazole resulted. 
The structure of the l atter is based chiefly on the 
NMR spectrum (Table lJ); M+ 1J7 (100%), [ M-1] 60%, 
[ M-29] J5%. The aminopyrimi dine was identified by its 
0 ( . 255 IR and ma ss spectra and its m.p., 154-56 lit . 
15J-54, 155 .. 5-57°). It was soluble in water, not easily 
soluble in chloroform, and insoluble in carbon tetrachloride. 
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(e) 5-Methylthio-7-methyltetrazolo[l,5-a]pyrimidine 
(72) was pyrolysed with heavy charring at J8o 0 /0.l mm 
to yield a reddish solid with a sulphurous smell. More 
than 96% of the gas chromatogram of a chloroform solution 
of this corresponded to a single compound, identified 
as 2-amino-4-methyl-6-methylthiopyrimidine (17%) 
from its mass spectrum and the similarity of its 
spectrum with those of other 2-aminopyrimidines; calc. 
mass: 155.051716; found: 0 155.051386; m.p. 151-2 
(lit. 256 152°); \ (EtOH; or pH 1) 2JJ, JOO mµ; 
-- max 
(pH 11) 2J2 (12,000), 298 (10,JOO), cf. ref. 256. 
The same amine was obtained as the only compound 
emerging after injection of the tetrazole (72) into the 
0 gas chromatograph port at 270. 
11. Pyrolysis of Tetrazolo[l,5-c ]pyrimidines and 
4-Azidopyrimidines. 
( ) 5,7-Dimethyltetrazolo[l,5-c]pyrimidine (80), 
0.50 g, J40°/0.0J mm; 75°, ga e 95% l-cyano-2,4-
dim thyljmidazole, Rt 8 min ( olumn C, 125° ~ 2°/min), 
in a ll respects identical with the compound d scribed 
und r 5 (j). 
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(b) 5,7,8- Trimethyltetrazolo[l,5 -c ]pyrimidine, 
0 . 205 g, J20°/0 .0l-0. 02 mm; 80°, gave 0 .170 g (100%) 
l achrymat ory nitrile to which, for reasons of analogy 
and spectroscopy, was assigned the structure of 
l-cyano- 2,4,5 - trimethylimidazole ; Rt 12 min, purity 
100% (Column as in {a)); NMR, see Table lJ; M+ 1J5 
(100%), [ M-1] J4%, [ M-15] 7-5%, [ M-27] J-7%, [ M-41] 
14%, [ M-56 ] 17%, [ M-41-27] 66%. 
(c) 4-Azido- 2,6 - dimethoxypyrimidine (79) at 
J4o
0
/ 0 . 10 mm (dist.-in at 50°) caused heavy charring 
and formation of 12% of a l achrymat ory nitrile for which 
the NMR sp ctrum (Table lJ) indicated the structure of 
l - cyano- 2,4-dimethoxyimidazole; m.p. 80- 81° (VPC and 
recrystallization from ether; colourless needles); 
~' J150 (sharp), 2256s; A 2J5 mµ ; M+ 15J (100%), 
max 
(ct) 7 - M thyl-5 -methylmercaptotetrazolo[l,5- c] -
pyrimidine (70) (isomerising to azido- form at the 
melting point, 67° ) was inj cted into the gas 
chrom tography port t J00° (Column C, 120° - 2°/min, 
40 ml H / min); quantitative yield of 1-cyano-
2-m thylm re pto-4-m thylimid zole, slightly 
270 
lachrymatory solid, m.p. 69 -70°, Rt JO min resulted; 
the structure being based on the NMR spectrum (Table 
13); v' 3100, 2255, 1160, 1095 cm-1 ; M+ 153, (90%), 
[ M+2, 
34
s] 4.2%, [ M-15 ] 60%, [ M-HC] 16%, [ M-SH] 5%, 
[M-40] 100%; the latter peak was due to loss of either 
CH2c or C as sulphur isotope peaks were presen t. 
12. Polymethylenetetrazoles. 
The conditions of pyrolysis and details of 
product identification are given in Chap ter J . The 
tetrazoles were distilled in at 120-140° and the 
pyrolysates were analysed on Colwnn C, 100° - 2°/min 
to 190°, 60 ml He/min; retention times: 
l-cyano-2-methylpyrrolidine (117) JO min, 1-cyanopiperidine 
(126) 32 min, 4-pentenylcyanamide (116) 58 min, 
1-cyanopyrrolidine (121) 28 min, J-butenylcyanamide 
(120) 48 min. 
Distillation (80°/10-J mm) of the pyrolysates from 
pentamethylenetetrazole (115) gave 117 which was pure 
according to VPC. 
- -
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(a) Pentamethylenetetrazole (115), 1 . 5 g, 
400°/0 . 005 mm; 140°, 60 min; extraction of the product 
with ether left the unreacted starting material behind 
and gave a trace of an 1 isocyanide 1 , v' 2100 cm-1 . 
( b) 0 0 115, 1 . 5 g, 450 /0 . 05 mm; 140, 60 min, 
simil arly gave recovered starting material and 0.357 g 
of a liquid containing 117 (1.7%), 116 (1%), and the 
' isocyanide ' (~ 3%), Rt= JJ min. The 1 isocyanide 1 
was stable for at least 24 hr . at room temperature 
(neat or in cc14), had no distinct UV spectrum, and 
had a pungent but not typical isocyanide-smell. A 
distinct mass spectrum could not be obtained either 
with heated or direct inl t; apparently, the compound 
pol ymerised, giving peaks up to m/e 288. The crude product 
I 
had v 2107 (cc14 ) or 2125 (LF ); after gas chromatography 
it had v' 2135 ( c14 ), and a lso 915 (C=C ) and 
possibly a very weak band at 18J0 cm-l (2 v) . 
he crude 1 isocyanide 1 from (a) was treated with 
water and allowed to stand at room temperature until 
thew ter h d vaporated, leaving a white solid whi h 
0 
sublimed in ne dl sat 105-20. The remainder melted 
0 0 part l y at 120 . Then edles melted at 145-50 and 
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were recrystallised from chloroform giving colourless 
needles, m.p. 150-52°; 'v 1 (CIICl) 1640vvs (several 
narrow bands), J200-JJ00 ( H, bonded), J4J0 ( II, free). 
The mass spectrum (direct inlet) showed M+ 128 = 110 + 18, 
which corresponds to a ddition of water to an isocyanide 
related to 117 or 116 (neither 117 nor 116 added water 
under the described conditions). Apparent formation of 
isocyanides by distillation of cyanamides has been 
182 
reported . 
- Formamidopiperidine and -formamido-
4 0 4 0 2,5-dimethylpyrrolidine have m. p . 7 -76 and 11 -5-17 
respectively, and the corresponding - isocyanides have 
-1 258 
'v' 2088-2092 cm (ref. 257). 2, 8-Diazacyclooctanone 
0 
has m.p. 270-2 . The structures of the 'isocyanide 1 
and 1 formamide 1 in casu remain uncertain. The Rt of 
the 1 isocyanide 1 is inconsistent with -isocyano-
4-pentenylamine, and 'v 1 is inconsistent with 
-isocyano-2-methylpyrrolidine. The MR spectrum of 
the 1 forma mide 1 was indistinct, showing broad, 
unresolved bands at T6 . 6 and 8.4, and a sharp signal 
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